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Referat:
Die vorliegende Dissertation beschäftigt sich mit der Optimierung und der Untersuchung der
Materialeigenschaften des thermoelektrischen Materials Ag1−xPb18Sb1+yTe20 (englisch Lead-
Antimony-Silver-Telluride: LAST). Bei LAST handelt es sich um Bleitellurid mit geringen
Anteilen von Silber und Antimon, welche teilweise gelöst den Gitterplatz von Blei substitu-
ieren (Einbau in PbTe-Matrix) bzw. Fremdphasen auf µm- und nm-Skala bilden. Seine hohe
thermoelektrische Güte wird dabei hauptsächlich der geringen thermischen Gitterleitfähigkeit
zugeschrieben, die in ersten Veröffentlichungen mit dem Auftreten nanoskaliger, Silber- und
Antimonreicher Einschlüsse und deren Funktion als Phononenstreuer erklärt wurde. Das
durch Schmelzsynthese hergestellte Bulkmaterial wurde im Rahmen der Arbeit durch Gefüge-
abbildung und Elementanalytik untersucht. In Kooperation mit den Projektpartnern sollte
daraus eine Korrelation von Struktur- und Funktionseigenschaften abgeleitet, sowie eine re-
produzierbare Syntheseroute entwickelt werden. Die elektronenmikroskopische Abbildung der
Mikrostruktur erfolgte dabei auf zwei Größenskalen.
Auf der µm-Skala wurde die Oberfläche des Bulkmaterials auf Homogenität und Zusammenset-
zung sowie Anteil des Fremdphasenbestands untersucht. Trotz des sehr komplexen Phasenbe-
standes aufgrund des quaternären Phasendiagramms und der Vielzahl relevanter Synthesepa-
rameter konnte ein Zusammenhang zwischen Zusammensetzung (Regulierung des Silber- und
Antimonanteils bzw. dessen Verhältnis), Temperbedingungen und thermoelektrischen Eigen-
schaften hergestellt werden. Mithilfe des detektierten Phasenbestandes konnte die Existenz
einer Mischungslücke im quasibinären Phasendiagramm 2PbTe-AgSbTe2 nachgewiesen wer-
den. Dabei bilden die Zusammensetzungen zwei der ermittelten Fremdphasen die Phasengren-
zen. Die beobachtete spinodale Entmischung erzeugte eine extrem hohe Grenzflächendichte
und kann somit ebenfalls einen Beitrag zur Senkung der Wärmeleitfähigkeit liefern.
Für die Analyse der Mikrostruktur auf nm-Skala wurden aus der LAST-Matrix mithilfe der
fokussierten Ionenstrahltechnik elektronentransparente Schnitte gefertigt. Abhängig von Tem-
perbedingungen und dem Verhältnis von Silber und Antimon wurden auch hier fremdphasige
Einschlüsse entdeckt. Dabei konnte ein optimaler Temperbereich von 500 bis 550◦C (bezogen
auf einen hohen Gütewert) mit dem Auftreten dieser Einschlüsse korreliert werden. Eine all-
gemeine, direkte Zuordnung des Vorhandenseins von Nanostrukturen zu guten oder schlechten
thermoelektrischen Eigenschaften konnte im Allgemeinen jedoch nicht nachgewiesen werden.
Vielmehr wurden deutliche Hinweise gefunden, dass auch die Anordnung von Punktdefekten
(Blei-Substitution durch Silber und Antimon) und ggf. Agglomerate aus Punktdefekten in
der LAST-Matrix eine Rolle bei der Senkung der Wärmeleitfähigkeit spielen.
Im hochaktuellen Entwicklungsgebiet selbstorganisierender Nanostrukturen mit Auswirkun-
gen auf thermoelektrische Eigenschaften wurden substantielle Fortschritte bei der Entwick-
lung geeigneter, LAST-basierter Thermoelektrika für mittlere Einsatztemperaturen erzielt.
Die gewonnenen Erkenntnisse dieser Arbeit zeigen Optionen zur Erzeugung hocheffizienter
thermoelektrischer Bauelemente auf, wie unter anderem die bestätigte Stabilität bis zu relativ
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Thermoelectrics (TE) have long been recognized as a promising energy conversion technology
due to the ability to convert temperature gradients directly into electricity. Despite this po-
tential, commercially available TE generators (TEG) are not in common use as they still have
a rather low efficiency with respect to mechanical cycles [1]. Nevertheless, because of their
high reliability and simplicity, TEGs have been used extensively in fields such as space power
generation for the last decades.
During the 90s, TE research experienced fresh impetus due to new material concepts. The
idea of selectively modifying material properties using lower dimensional structures was in-
troduced by Hicks and Dresselhaus [2]. New material classes like complex chalcogenides were
considered as potential TE material. This development led to a considerable improvement of
TE properties, making them interesting for specific terrestrial application: the feasible recov-
ery of waste-heat energy as it is generated by industrial processes and vehicle engines has led
to a strongly increasing research interest in medium-temperature TE materials [3].





/ (κ) is used, containing the Seebeck coefficient S, the electrical conductivity σ,
the absolute temperature T, and the thermal conductivity κ. S2σ is denoted the power factor,
which is used to describe the electric performance of a TE material. In order to enhance ZT,
S2σ needs to be increased and κ to be minimized. One way is to increase the powerfactor by
doping and quantum confinements effects [2, 4]. Another approach focuses on lowering the
lattice part of κ.
The intermediate temperature range (up to 850 K) used to be the domain of materials based on
PbTe. From the TE application point of view, the potential of PbTe appeared to be exhausted
over the last decades. Interest rose dramatically in 2004, when Kanatzidis et al. found ZT val-
ues of 2.2 for the mixed system AgPbmSbTe2+m (Lead-Antimony-Silver-Tellurium, LAST-m)
[5]. This outstanding value could be mainly related to a dramatically decreased thermal con-
ductivity (below 1 Wm−1K−1 at 300 K) in comparison to polycrystalline PbTe (2 Wm−1K−1
at 300 K). Subsequent, partly contradictory results from others groups underlined the rather
difficult reproducibility of this material. While Kanatzidis et al. related the low κ values al-
most entirely to endotaxially embedded nm-sized Ag- and Sb-rich inhomogeneities, this study
proves that various influences like secondary-phase inclusions (both on the µm and nm scale)
and arrangement of the dissolved minorities Ag and Sb do also contribute to the remarkable
TE properties of LAST.
Within the BMBF project Selbstorganisierende Nanostrukturen in komplexen Chalkogeniden,
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four institutes tied their experience and expertise to ensure a complete network of characteri-
zation methods, which has not been realized before in this extent and diversity. The Institute
of Materials Research of the German Aerospace Center (DLR) was responsible for sample fab-
rication as well as TE measurements. A group based at the Jülich Centre for Neutron Science
and Peter Grünberg Institute was running experiments regarding structure analyses (neutron
scattering, X-ray diffraction (XRD), resonant ultrasound spectroscopy (RUS)). At the Fraun-
hofer Institute for Mechanics of Materials IWM (Freiburg) a time domain thermoreflectance
(TDTR) setup was implemented. With this probe, the determination of spatially resolved
thermal properties was pursued. Finally, microstructure imaging and elemental analysis was
accomplished at the Leibniz Institute of Surface Modification (IOM) in Leipzig.
In the aforementioned consortium, this work investigates structure-property relationships by
focusing on material optimization regarding further reduction of the lattice part of κ. Thereby,
two different length scales were explored. The µm scale was evaluated by scanning electron
microscopy (SEM) to analyze the volume fraction and the number of secondary phases as
well as the impact of processing parameters on the homogeneity of bulk samples. Site-specific
lift-out of electron transparent samples for transmission electron microscopy (TEM) was ac-
complished by focused ion beam (FIB) machining to investigate the structure on the nanometer
scale. Composition analyses by energy-dispersive X-ray spectrometry (EDXS) was combined
with phase analyses via electron diffraction to give a detailed picture of the microstructure.
Ordering effects of dissolved Ag and Sb and the impact of these point defects on the electronic




2.1 Nanostructures and Crystal Defects
Structures with a dimension between the size of an atom and several 100 nm are defined as
nanostructures. However, one has to be aware of the dimensionality of the nanostructure.
Carbon nanotubes, for example, are only nanosized in two dimensions. Only by constraining
all three dimensions to nm size the object size is comparable with the de Broglie wavelength,
i.e., for a conducting material the thermal movement of charge carriers is limited.
The new material properties of nanostructures are amongst others due to an adjusted equilib-
rium of forces. Because of the low mass, gravity plays a minor role only whereas electrostatic
force and Van der Waals force are of great importance. Also pressure values are different due
to the increased surface-volume ratio. The evident impact of size on the properties leads to
the notion of size-induced functionality.
Generally, there are two principles for generating nanostructures: the top-down and the
bottom-up approach. The top-down method approaches smaller dimensions mainly by making
smaller units out of a larger entity, for example with lithographic techniques. For a size range
below 100 nm, this method is limited due to resolution confinements of patterning technologies.
In this case, one rather uses the bottom-up method which relies amongst others on physical
and chemical principles of self-assembling: on molecular and atomic level the direction of a
autonomous driven build-up can be controlled [6].
This study does not deal with free-standing nanostructures but with nanosized structures
generated in bulk material due to solidification and segregation and their impact on material
properties. The following discussion focuses on defects in crystalline bulk material whereby
nanostructures can be regarded as on type of defect.
The properties and the resulting functionality of condensed matter depend on binding type,
ordering type, and dimension. In a perfect crystal, the lattice can be perturbed by various
kind of defects. Deviations from the undisturbed crystal structure result in real materials and
account for many interesting mechanical properties like strengthening, hardness, and ductility
in metals. Defects are commonly classified by their spatial expansion, i.e. 0D, 1D, 2D, and
3D.
0D defects or point defects are limited to one atomic site and include vacancies, interstitials
and antisites. For the description of the material to be investigated, the focus will be mainly
on antisite defects since in PbTe the substitution of Pb by Ag and Sb is prevailing. Ag and
Sb going on interstitial sites is rather unusual because of the intentional lack of Pb at the
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magnitude of the added minorities, therefore substitution is less energy consuming. One of
the questions is how the dissolved Ag and Sb are distributed in the matrix, i.e. the PbTe host
lattice. Density functional theory (DFT) calculation showed that for an Ag-Sb pair the second
nearest neighbor configuration, i.e. an Ag-Te-Sb chain, has the lowest formation energy Ef
[7].
Figure 2.1: Relaxed supercell with Ag-Sb pair in second nearest neighbor configuration (red frame).
Atom position shifts calculated by MD.
Here, a simulation technique based on molecular dynamics (MD) was used to calculate the shift
in atom positions of a relaxed supercell including an Ag-Sb pair in second-nearest neighbor
configuration. Fig. 2.1 shows a model of the relaxed cell with point defects Ag and Sb forming
a chain. Generally, point defects present a resistance against strain and harden the crystal
structure.
1-dimensional defects, in contrast, are responsible for the rather high ductility of metals and
are described by dislocations. Their general concept was introduced independently by Orowan,
Taylor and Polanyi [8–10]. The two basic types are edge and screw dislocations. The formation
Figure 2.2: Schematic representation of the basic 1d defects: (a) edge dislocation and (b) screw
dislocation. Adapted from [11].
of an edge dislocation can be imagined by inserting an extra half-plane of atoms in an otherwise
4
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perfect crystal (represented by the gray line in Fig. 2.2 (a)). It is also called line defect because
it is visualized (if in the appropriate orientation) by a line which runs along the bottom of the
inserted half-plane. If e.g., a shear stress is applied, the dislocation can be pushed through
the crystal. The so called Burgers vector b [12], visualized by the blue arrow, represents the
magnitude and direction of the lattice distortion. It is defined as the necessary vector which is
needed to close a Burgers circuit (red line). The screw dislocation is geometrically harder to
visualize. One possible representation is shown in Fig. 2.2 (b) where a shear stress is applied
across the top surface. In this case, the Burgers circuit is perpendicular to the direction of
the Burgers vector.
A special case of a mixture of these two types are dislocation loops. Only at the two points
where it is parallel to the Burgers vector and at the two points perpendicular to the Burgers
vector it presents a pure screw and edge dislocation, respectively. In this case, the dislocation
line does not terminate inside the crystal but forms a closed ring. As the investigated material
adopt the sodium-chloride structure, i.e. the lattice consists of two interpenetrating fcc lattices,
mobile dislocations have b vectors in <110> direction and {111} glide planes. The glide
motion of these lowest-energy dislocations produces slip, i.e. the process by which plastic
deformation arises. These perfect dislocations (the shift due to the glide motion is a whole-
number multiple of the nearest neighbor spacing of the atoms and therefore does not produce
a fault) can dissociate in partial dislocations with b vectors in <112> directions and involve
the generation of a stacking fault, i.e. a 2-dimensional defect. They are commonly called
Shockley partial dislocation and together with the produced fault they are denoted as extended
dislocation. They are easily visible in TEM due to the stacking fault, the right projection plane
provided [13].
2-dimensional defects are planar defects such as grain boundaries, antiphase boundaries and
stacking faults. The latter results from the disruption of the long-range stacking sequence in
close packed crystals as described above and involves ordering changes e.g. from fcc to hcp.
The region is called a twin if the order of the planes reverses.
3-dimensional defects are volumetric and can be sub-divided into voids (filled with gas or
fluid) and solid impurity phases. The latter includes precipitates as a special case, which are
induced by a change in temperature. Other types of phase transformation (which do not result
into a change of composition) would include ordering reactions (spinodal decomposition, see
further below) and polymorphic changes. The driving force for precipitation is long-range
diffusion which again is thermally activated. Therefore nucleation is connected to the change
of aggregate states.
As the material dealt with in this thesis is retrieved by melt synthesis, emphasis is laid on
the phase transformation liquid −→ crystal (solidification) whereby the nucleation process is
normally heterogeneous. For simplicity, the definition for homogeneous nucleation is discussed
first. If a bulk nucleus is considered to form in a liquid, one can assume a spherical nucleus with
a radius r. In the melt, atoms are interacting statistically but due to thermal fluctuations, there
is the possibility of forming groups of atoms exhibiting a short-range order. These locations
are then called embryos. They are thermodynamically unstable and mark a dynamic state
between decay and creation. During crystallization, the ordering type of the atoms is going
from short-range order to long-range order. This change can be separated into two basic
processes: nucleation and growth. Nucleation can be regarded as completed if the nucleus
is capable of growth. Simplified, this first process can described by the classical nucleation
theory (originating from ideas of Volmer and Weber [14]). Here, one assumes the “capillary
approximation” which means that the molecular arrangement in a crystal’s embryo is identical
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to that in a large crystal [15]. The transformation from liquid to solid involves an abrupt
volume decrease, releasing the volume energy ∆gv (change in free energy per unit volume).
However, the transformation does not occur at the melting temperature Tm of the material,
but at a lower temperature T at which ∆T = Tm −T, ∆T is denoted supercooling. The free
energy change due to volume creation of a nucleus is here defined as:
∆Gv = ∆gv ·Vnuc , Vnuc =
4
3
πr3 sphere volume (2.1)




, ∆He solidification enthalpy (2.2)
To build up a surface between solid and liquid the interface energy
∆Gi = γSL ·Anuc , Anuc = 4πr2 (sphere area) (2.3)
is required. γSL is identified as interfacial free energy (S -solid, L-liquid). By considering a
sphere, γSL must be isotropic. The change in free energy for the whole system adds up to:




If ∆G is plotted over the nucleus radius r (see Fig. 2.3, black line), one sees that ∆G reaches
a maximum at the critical radius r∗. The corresponding magnitude of ∆G∗ denotes the free
Figure 2.3: Excess free energy as a function of the nucleus radius for homogeneous and heterogeneous
nucleation in fluids. For heterogeneous nucleation graphs are plotted for two different wetting angles
Θ=45◦ (red line and frame) and Θ=20◦ (blue)
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r∗ decreases if supercooling and solidification enthalpy are high and the interfacial energy
term ∆Gi is small, respectively. In this process, one can also see that without supercooling,
no nucleation can start making this kind of process only to take place rarely at or above Tm.
If one consider homogeneous nucleation in a solid, one has to take some different preconditions
into account:
• γSS (S -solid, S -solid) is most likely not isotropic and can vary widely from low values
(coherent interfaces) to high values (incoherent interfaces). The γSS ·Anuc term should
be described by a summation over all interfaces:
i∑
γiSS ·Ainuc , i-interface
• the transformed value gives generally rise to an additional misfit strain energy term
∆Gs ∝ V, in this way increasing the free energy barrier [16].
Far more probable is heterogeneous nucleation. If one first concentrates on the solidification
process (liquid −→ crystal), starting points are for example impurity particles in a mold. The
mold walls (in the case of melt synthesis for example the walls of a quartz ampoule) can act as
nucleation sites. The free energy barrier is smaller since only parts of the interface solid-liquid
have to be generated. Surfaces promote nucleation because of wetting whose degree is deter-
mined by the wetting angle Θ. Thus, the free-energy ∆Ghet is the product of homogeneous
nucleation energy ∆G and the so-called shape factor f(Θ). If one considers γSL again as
isotropic and - in the case of the mold wall - the nucleation site as perfectly flat, the generated
surfaces (γSL, γSM (M -mould)) and dissolved surfaces (γML) depend only on nucleus radius
r and Θ. ∆Ghet can be then written as:






cos3 Θ , Θ wetting angle. (2.6)
Under the simplified conditions given above, the form of the nucleus will be a spherical cap.
Fig. 2.3 shows the dependence of the nucleation barrier on Θ. Once a nucleus is capable to
grow, its shape depends either exclusively on diffusion velocity (diffusion-controlled growth),
which means ideally that local equilibrium exists at an interface. Interface-controlled growth
occurs when most of the available free-energy is dissipated in the process of transferring atoms
across the interface, i.e, the interface has a low mobility. The growing rate depends on diffu-
sion and - if one considers a melt - on convection processes. The evolving interface morphology
depends on the temperature profile at the solid-liquid interface.
In metals, so-called stable growth occurs if the heat is dissipated towards the solid (positive
temperature gradient) and provides planar interfaces. If the temperature of the liquid is lower
than in the solid (negative temperature gradient) and an dominating growth direction exists,
crystals grow from the solidification front into the melt (unstable growth). The developing
branching shapes are known as dendrites.
By describing heterogeneous nucleation in solids, nucleation sites of solid-state reactions could
be non-equilibrium defects like dislocations, grain boundaries and vacancies. The activation-
energy barrier can be reduced even further if the defect is destroyed by creation of a nucleus.
If one considers nucleation at grain boundaries, ignoring the misfit-strain energy as well as
assuming incoherent nucleation, the optimum embryo shape would be two adjoined spherical
caps. Consequently, the shape factor in this special case would be twice as large as in the case
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of a flat surface. A metastable region could also be regarded as a nucleation site (required for
spinodal decomposition) and is discussed further below.
Like in the solidification process, phase transformations in the solid state can be separated
into diffusional and diffusionless transformation [16]. Diffusional transformation in solids
include also precipitation and depending on the motion of the involved defects, shapes can
be e.g. plate- or needle-like. One growth mechanism which will be discussed in this study,
concerns the growth of tetradymite plates in rocksalt chalcogenides [17]. This mechanism
involves the motion of defects with step character [18] and Heinz et al. could show that their
arrangement is consistent with that required to accommodate the rather large misfit strain in
the PbTe/Sb2Te3 system [19].
Figure 2.4: (a) Schematic phase diagram with a miscibility gap. If the composition X0 is cooled
from T1 to T2, spinodal decomposition takes place as every compositional fluctuation will decrease
the free energy (b). Thereby the starting composition must lie between the two points of inflection of
the curvature of the free energy (c). For composition X′0 nucleation and growth takes place (d).
As mentioned above, also metastable regions can act as nucleation sites. Here, no nucleation
barrier needs to be overcome and therefore the transformation bases solely on diffusion. The
schematic phase diagram with a miscibility gap in Fig. 2.4 (a) shows that the alloy α outside
the spinodal is metastable as small variations in composition leads to an increase in free en-
ergy. To decrease the free energy in this region, the composition of the nucleus must be very
different from the prevailing composition and can therefore only be accomplished by nucle-
ation and growth as shown schematically in Fig. 2.4 (d). Starting with composition X0 and
quenching down from high to low temperature will lead to an unstable alloy because every
compositional fluctuation will decrease the free energy and up-hill diffusion takes place until
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equilibrium compositions X1 and X2 are reached (Fig. 2.4 (b)). This is only the case if X0
is combined with a negative curvature of the free energy, i.e. lies between the two points of




The corresponding line in the phase diagram is called the chemical spinodal. Cahn showed in a
series of pioneering papers [20–22] that in order to calculate the wavelength λ of compositional







, gradient energy term. (2.8)
One can see that the magnitude of this energy depends on the compositional gradient ∆X
across the interface. K is a proportionality factor which expresses the difference in bond en-
ergies of like and unlike atom pairs [16]. The compositional differences of X1 and X2 will also












which contains the change in lattice constant a0, the elastic constants E (Young’s modulus),
poisson ratio ν, and the molar volume Vm of the material.
2.2 Thermoelectrics
2.2.1 Background
The thermoelectric effects, which underlie thermoelectric (TE) energy conversion, describe
the mutual interdependence of temperature gradients and electricity. The relations between
Seebeck, Peltier and Thomson effect are known as Kelvin relationships and were derived
by W. Thomson in 1854 [23]. Thomson used equilibrium thermodynamics, although it is
known today that a comprehensive thermodynamic theory can only be constructed by the
more general theory of nonequilibrium thermodynamics (introduced by L. Onsager in 1931
[24]). The effects can be discussed by considering two different conductors a and b which are
connected electrically in series but thermally parallel (Fig. 2.5 (a)).
The Seebeck effect denotes the creation of a voltage due to a temperature gradient and was first
observed by T. S. Seebeck in 1821. If a temperature gradient is maintained at the junctions
A and B, a constant, so-called thermodiffusion, i.e. an electron displacement, sets in. This is,
in a classical sense, due to the higher kinetic energy of the ’hot’ electrons (T1) compared to
the ones at the cold end (T2) and the associated lower electron density. The different velocity
distribution of ’hot’ and ’cold’ electrons is due to the energy-dependent scattering ability of
the electrons for instance with impurities or phonons. An electrical field is building up to
work against the thermodiffusion in order to maintain constant charge carrier transport. If
phonon-electron scattering is predominant, the so-called phonon-drag contributes further to
9
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Figure 2.5: (a) Schematic thermocouple in closed-circuit configuration. (b) Open-circuit configura-
tion. Adapted from [25].
this electrical field.
In the closed-circuit configuration, a constant loop current I thermo occurs (Fig. 2.5 (a)). In
the open-circuit configuration one can measure the thermal voltage ∆V (between C and D,
Fig. 2.5 (b)), which is proportional to small temperature differences ∆T. The proportional
factor is called the Seebeck coefficient S :
∆V = S ·∆T , ∆T = T1 − T2. (2.10)
The Seebeck coefficient is usually expressed in µV/K and is signed negative if electron con-
duction dominates and positive for primarily hole conduction. The Peltier effect, named after
the observation by J.-C. Peltier in 1834, describes the reverse situation: an external source
is applied across C and D and the resulting current I and a rate of heating q̇ and cooling -q̇





defines the Peltier coefficient π. The Thomson effect was predicted and subsequently observed
by Lord Kelvin in 1851 and describes the generation of reversible heat q of a current-carrying
conductor with a temperature gradient. For small ∆T there is
q = µ · I∆T, (2.12)
where µ is the Thomson coefficient. Using nonequilibrium thermodynamics, the Kelvin rela-
tionships can be derived:














is used, containing the electrical conductivity σ, the Seebeck coefficient S, the absolute tem-
perature T and the thermal conductivity κ. S2σ is denoted the power factor, which is used
to describe the electric performance of a TE material. As one can see, S2σ needs to increased
and κ to be minimized in order to enhance ZT. κ consists of an electronic part κel and a lattice
part κL to distinguish between heat transport by electrons and phonons, respectively:
κ = κel + κL. (2.15)
Where appropriate, κ is hereafter referred to as κtot. All three parameters which occur in
equation 2.14 are functions of the charge carrier concentration n. Fig. 2.6 shows the n de-
pendencies of the three parameters σ, κ, and S. They combine into a maximum for the power
factor S2σ and the figure of merit ZT.
Figure 2.6: Optimizing ZT through carrier concentration tuning. Adapted from [26]: trends shown
were modeled from Bi2Te3, based on empirical data in [27]. κ is plotted on the y axis from 0 to a top
value of 10 Wm−1K−1, S from 0 to 500 µV/K, and σ from 0 to 5000 1/Ωcm.
Thus, ZT is maximized at carrier concentrations which correspond to semiconductor mate-
rials. The electronic contribution of κel is then around 1/3 κtot. Materials denoted as TE
materials usually exhibit ZT>0.5. Fig. 2.7 shows members of three established groupings. Al-
loys based on bismuth are referred to as low-temperature materials and are usually employed
in TE refrigeration. The intermediate temperature range (up to 850 K) is the domain of
materials based on PbTe. Finally, thermoelements based on SiGe alloys operate up to 1300 K
(high temperature regime).
To actually build a thermoelectric device, the simplest generator type is considered first, con-
sisting of a single thermocouple with thermoelements built from n- and p-type semiconductors.
Fig. 2.8 (a) shows a schematic thermocouple operated as a TE generator. The efficiency η of
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this generator is defined as
η =
energy provided to the load
heat energy absorbed at hot junction
(2.16)
If one assumes the thermoelectric parameters κ, σ, and S in one leg to be independent of
temperature (i.e., to take approximate averages of these parameters over the temperature
range of interest), the contact resistances as negligible, and similar material constants in the











(Th + Tc) . (2.17)
Th and Tc are the temperatures at the hot and cold side, respectively. With the above-
mentioned simplifications, η can be plotted as a function of an averaged figure of merit ZT avg
(assuming an averaged temperature Tavg=Th+Tc2 ). Fig. 2.8 (b) shows the relationship for a
temperature difference of 500 K.
Figure 2.7: ZT plotted over operating temperature for different material classes. The dotted curves
present TE materials belonging to the new TE material generation based on novel material concepts.
AgPb18SbTe20 presents the material studied in this work. Adapted from [28].
In a commercially available TE generator (TEG) a large number of thermocouples are con-
nected electrically in series and are sandwiched between two ceramic plates to provide a stable
module for long-term use. However, TEGs are not in common use as they still have a low
efficiency with respect to mechanical cycles. Nevertheless, because of their high reliability and
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Figure 2.8: (a) Thermoelectric generator. (b) Efficiency plotted over ZT avg assuming Th=800 K
and Tc=300 K (room temperature).
simplicity, TEGs have been used extensively in fields such as spacecraft power generation for
the last 40 years as radioisotope heat-powered TEGs (RTG). There, the used heat is generated
by radioactive decay to generate power for spacecrafts like Voyager 1 and 2 [29]. During the
90s, the TE research experienced fresh impetus due to new material concepts. The idea of
selectively modifying material properties using lower dimensional structures was introduced
by Hicks and Dresselhaus in 1993 [2]. New material classes like for instance skutteridites
[30], clathrates, half heusler alloys and complex chalcogenides were considered as potential
TE material. This development led to a considerable improvement of TE properties, making
them interesting for specific terrestial application: medium-temperature materials can extract
energy from waste heat streams or other low-grade sources of energy [1]. One example appli-
cation currently under study uses thermoelectrics to extract electricity from the hot exhaust
stream of cars, especially attractive for trucks, which usually have a high and constant gas
mileage (automotive TEG) [31].
As discussed above, the figure of merit depends on parameters (equ. 2.14) which themselves
depend on the charge carrier concentration n. However, there are two main approaches to
increase ZT. One way is to increase the powerfactor for instance by doping, quantum con-
finements effects or energy filtering [2, 4]. The other is focusing on lowering κL. This study
investigates the improvement of the complex chalcogenide AgPb18SbTe20 (LAST-18, also de-
picted in Fig. 2.7) by focusing on lowering the thermal conductivity.
2.2.2 Lead-Antimony-Silver-Tellurium (LAST)
Before addressing LAST as a very promising TE alloy, one needs to be aware of the already
good thermoelectric properties of bulk PbTe. PbTe is one the oldest known TE compound
semiconductors and has been one of the best materials available for TEGs in the intermediate
temperature range for a long time. Due to its simple rocksalt structure (Fig. 2.10 (a) and
Tab. 2.1), it provides isotropic functionality and sufficient mechanical stability as well as offer-
ing good adjustability of electrical properties by doping. It exhibits a surprisingly low thermal
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conductivity (2 Wm−1K−1 at 300 K in single crystalline samples [32]) despite of having such a
simple structure. For this reason, the band structure and phonon dispersion of undoped PbTe
shall be discussed briefly. By focusing on the highest valence band and the lowest conduction
band, the valence p states of Pb and Te play a dominant role in the formation of the valence
and conduction bands. These bands are predominantly bonding and antibonding states of Te
p and Pb p states. The conduction- and valence-band edges are almost symmetric, having a
direct band gap at the L point of the fcc Brillouin zone [33]. The theoretical value of the band
gap E g (calculated with density functional theory (DFT) and including spin-orbit interaction)
is specified with 0.11 eV [34] and is comparable with the experimental value of 0.19 eV [35].
A high effective mass meff and a low mobility µ is typically found in materials with narrow
bands such as ionic compounds [26]. One of the most striking properties of PbTe is the anoma-
lous positive temperature dependence of E g [36]: in 2010, Bozin et al. found with electronic
structure calculation an enhanced band gap for a locally distorted PbTe structure, which may
explain this unusual band-gap variation [37]. There, an additional scattering mechanism for
the carriers was proposed, coming from the local off-centering fluctuations of the Pb2+ ions.
Delaire et al. showed with a combination of inelastic neutron scattering measurements and
first-principles computations regarding phonons in PbTe that the longitudinal acoustic (LA)
and transversal acoustic (TO) modes along [100] of the phonon dispersion relation involve
vibrations of Pb and Te atoms with displacements parallel to [100] directions, and are thus
possibly related to this fluctuations.
The observed LA-TO anharmonic coupling plays a central role in explaining the low ther-
mal conductivity of PbTe and would provide a mechanism for a material to behave as if it
has a very soft lattice for the purpose of heat conduction, while at the same time not being
unduly soft from the point of view of stiffness or melting [38]. A theoretical treatment of
the underlying lattice dynamics has been proposed by Zhang et al. [39]. Via first-principles
molecular dynamics (MD) simulations they showed that the lattice dynamics is due to deli-
cate competition of ionicity and covalency which leads to abnormally large-amplitude thermal
vibrations.
Figure 2.9: Excessive enthalpies of mixing for tellurides. (a) Ag2Te (-20 kJ/mol) [40]. (b) Sb2Te3
(-10 kJ/mol) [41].
However, from the TE application point of view the potential of PbTe appeared to be ex-
hausted over the last decades. Interest rose dramatically in 2004, when Kanatzidis et al. found
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ZT values of 2.2 - proposing an TEG-related η of 18% - for the mixed system AgPbmSbTe2+m
(Lead-Antimony-Silver-Tellurium, LAST-m) [5].
This outstanding value could be mainly related to a dramatically decreased thermal conduc-
tivity (below 1 Wm−1K−1 at 300 K) in comparison to PbTe. Subsequent, partly contradic-
tory results from others groups underlined the rather difficult reproducibility of this material
[42, 43].
One crucial point is e.g. the desired homogeneity of a TE material on the µm scale. For the
LAST system, there exist excessive enthalpies of mixing for the tellurides Ag2Te, Sb2Te3 and
PbTe in liquid phase (Fig. 2.9). This makes the generation of agglomeration of tellurides in
the molten state highly probable and needs to be constrained by homogenization processes.
Whereas Kanatzidis et al. related the low κ values almost entirely to endotaxial embedded
nm-sized Ag- and Sb-rich inhomogeneities observed by HRTEM, other publications showed
that various influences like secondary phase inclusions (both on the µm and nm scale) and
arrangement of the dissolved minorities contribute also to the remarkable TE properties of
the LAST material. In the LAST stoichiometry, dissolved Ag and Sb minorities are expected
to occupy vacant Pb sites (scheme in Fig. 2.10 (b)) to isoelectronically substitute the Pb+2
sublattice.
Figure 2.10: Unit cells of PbTe (a) and LAST (b).
Table 2.1: Crystal system, space group and cell parameters for PbTe.
crystal system space group a [Å] b [Å] c [Å]
PbTe cubic Fm3̄m (no. 225) 6.460 6.460 6.460 [44]
The way, how Ag and Sb are altering both the electronic and crystalline structure theoretically,
shall be introduced briefly.
Initially, Hazama et al. proposed by first-principles calculations that the first nearest neighbor
configuration are stabilizing Ag-Sb nanodots best as this configuration seemed to have the
lowest formation energy E f for 10≤m≤18 (AgPbmSbTe2+m) [45]. The phonon mean free path
L0p (the authors assume an average distance for low temperatures as only impurity scattering
is taken into account) was calculated for m=10 and 18. The ratio L0p(m=18)/L0p(m=10)=1.41
was then compared with the ratio of the average distance between two neighboring Ag-Sb
pairs (in first nearest configuration), i.e. dm=18/dm=10=1.19. Thus, the authors suggest that
the degree of segregation of Ag-Sb pairs (and therefore the formation of potential scatter
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sites) is more significant for LAST-18 which would explain the particular good performance
of LAST-18.
However, in a later study, Ke et al. favored the second nearest neighbor configuration, claiming
to use a more realistic approach, as they used larger supercells for calculation [7]. In this way,
unrealistic configurations like an infinite Ag-Te-Sb-Te-chain should be avoided. Additionally,
the authors calculated the position of neighboring Ag-Sb pairs (in second nearest neighbor
configuration) in relation to each other. They found that for two Ag-Sb pairs, the two-dipole
system has the lowest E f which would lead to Ag- and Sb-rich plates and column structures
within the PbTe matrix. For a larger number of pairs, the atomic ordering follows the electric
dipole rule which means that the dopant atoms prefer to form a maximal number of Ag-Sb
pairing, i.e. tend to cluster.
If the pair density is increasing, the local strain due to lattice mismatch can break this dipole
symmetry and other arrangements are preferred to release the strain. Supplementary, Hoang et
al. investigated via DFT the impact of Ag and Sb doping on the band structure [34]. Without
going into too much details, the following can be summarized: for single doping, the trivalent
Sb induces an additional impurity band and shifts the conduction band down and, in the case
of high doping, even closes the band gap. This is due to the highly directional interaction
between the Sb p states and the Te p states which drives the system towards metallicity. If
PbTe is doped with hetero pairs (Ag and Sb in second nearest neighbor configuration), E f is
lowered, as the addition of Ag seems to stabilize the hybridized Te p states and pushes the
trivalent impurity-induced band back towards the other conduction bands. The associated
band-decomposed charge densities are shown in Fig. 2.11.
Figure 2.11: Band-decomposed charge density associated with the Sb-induced band in PbTe doped
with Sb (a) and in (Ag,Sb)-doped PbTe (b). Reprint with permission from author [34]. Copyright
(2012) by The American Physical Society.
The MD simulations shown in this thesis regarding an Ag-Sb pair in second nearest neighbor
configuration in a PbTe super cell were performed by Prof. Stefan Mayr (IOM Leipzig &
Translational Centre for Regenerative Medicine (TRM) Leipzig). The following part intro-
duces the theoretical background for reducing the lattice part of the thermal conductivity in
nanostructured bulk material. As proposed in [46], there are two strategies to reduce κL. For
an isotropic material, κL is dependent (besides its general dependence on temperature) on the
spectral specific heat Cλ per unit wavelength, the spectral group velocity ν and the phonon







Cλ(λ, T )ν(λ)Lp(λ, T )dλ. (2.18)
One strategy is to lower the C·ν term by altering the bulk phonon dispersion, i.e., to flatten the
dispersion relation by phonon confinement effects as one would expect in idealized superlattices
or nanowires [2]. With regard to non-idealized bulk materials, a second strategy is related to
classical size effects, consists in lowering Lp by random scattering at boundaries and interfaces.
Here the effective mean free path L−1eff can be approximated by the Matthiessen rule, which
takes into account the mean free paths of the bulk scattering mechanisms, i.e., impurity
scattering, phonon-phonon Umklapp scattering and boundary/interface scattering:






bdy(λ, θ, φ) , θ,φ - angular coordinates. (2.19)
The scattering strength of L−1bdy is highly anisotropic and depends on roughness and the acous-
tic impedance mismatch of an interface as well as on phonon wavelengths. The scattering
ability, however, is primarily determined by the size of the nanostructures, whereas a detailed
analysis suggests a by far wider size range on suitable Lp [46, 47] as widely believed. These
facts could support the positive impact of rather large and semi-coherent precipitates on low-
ering κL. To illustrate the impact of the interface precipitate-matrix on the scattering ability,
Fig. 2.12 illustrates the three different types of interfaces: incoherent, semi-coherent, and co-
herent. In case of coherent interfaces, for a completely enclosed structure, one also speaks
of endotaxial embedding. Completely incoherent growth would result in a spherical shape.
Although the interface lacks a long-range periodicity, it may have a step-like structure as in-
dicated in (Fig. 2.12 (c)). In this case, the lattice misfit has no relevance but a considerably
high volume misfit can still give rise to strain fields [16]. Therefore, the scattering of phonons
depends particularly on the size of the nanostructure. For endotaxial embedding of nanostruc-
tures, on the other hand, the coherent lattice misfit gives definitely rise to elastic strain fields.
Their degree depends on the lattice mismatch (Fig. 2.12 (d)). Various groups have reported
on endotaxially embedded nanostructures in PbTe based systems and especially emphasized
the extremely localized strain, which can also help to reduce thermal transport [48, 49]. In
[50], Barabash et al. stated that coherency strain due to endotaxial embedding increases the
solubility limits in comparison to the unstrained bulk limits. Semi-coherent growth gives rise
to misfit dislocations separated by elastic strain [49], see Fig. 2.12 (b). In this case, lattice
expansion and compression exist simultaneously.
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Figure 2.12: Schematic phonon scattering by three types of boundaries between matrix and nanopar-





Bulk samples studied in this work were produced at the Institute of Materials Research at the
DLR Cologne within the group “Thermoelectric functional materials” of E. Müller.
3.1.1 Melt Synthesis
Material processing via melt synthesis is an easy-to-operate (though time-consuming) and
inexpensive way to produce thermoelectric bulk materials. Starting materials were high purity
(99.999%) powders of Ag, PbTe, Te, and Sb, whereby pre-alloyed PbTe was chosen to avoid a
sudden temperature rise when Pb and Te form PbTe in an exothermic reaction. The flakes of
the raw materials were weighed according to the desired LAST stoichiometry with a tolerance
of 0.00010 g and loaded into a quartz ampoule of 13 mm diameter, which was then evacuated
and sealed. The ampoule was subsequent placed in a ceramic isolation foam dish placed in a
rocking furnace. After heating the ampoule to the homogenization temperature Thom, rocking
was applied partially by moving the furnace ∼5◦ above and below the horizontal. At the end of
the homogenization time thom, the ampoule was either cooled down applying specific cooling
rates or exposed to a quenching medium for quenching. The ampoule was broken to obtain
the solidified ingot. Depending on subsequent procedures, the ingot was either cut to disks
with a diamond saw to realize analyses like SEM and TE characterization (analysis of ingot
samples) or processed to powder for pellet sintering followed by determination of properties
(analysis of as-sintered samples). If a heat treatment was performed right after cool down,
the ingot was left in the ampoule to ensure mechanical stability during annealing [51]. The
specific melting routes pursued are listed in appendix A.2.
3.1.2 Sintering
The obtained ingots were usually very brittle and would be unsuitable for direct shaping
into legs of thermoelectric modules. Consequently, reshaping by grinding and sintering was
necessary. In this study, only hand-grinding was applied. Thus, the ingots were ground into
powder with an agate mortar and pestle. Depending on the amount and due to the very soft
material, the grinding-time was restricted to 2-5 minutes to avoid powder which would be too
fine: larger bits still process planar surfaces and are advantageous for the following sintering
process. The resulting powder was subsequently charged into a graphite die of 15 mm in
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diameter and short-term sintered for 10 min under technical vacuum (10−2 mbar) in a direct
current (DC) sintering press at 450◦C and 56 MPa to obtain pellets or cylindrical disks of
desired thickness [51]. Sintering was carried out with ground ingot material before and after
heat treatment.
3.1.3 Annealing Treatment
Most of the ingot and as-sintered material underwent an annealing treatment to change the
morphology in a desired way. Thereby the material was placed again in a quartz ampoule which
was then evacuated and flushed with argon gas to prevent oxidation. By varying annealing
temperature Tann, dwell time and cooling rate, various annealing treatments were performed.
A great role played the deployment of a gradient oven to obtain functionally graded material.
A gradient annealing method was employed to determine the optimal annealing temperature in
an economic manner and thereby to study the evolution of the microstructure and to identify
routes towards its stability. Therefore, a cylindrical bar of 40 mm height and 15 mm diameter
was produced via short-term sintering. A constant gradient of 10 K/mm was maintained for
1 week in argon atmosphere by keeping the two ends of the bar at 200 and 600◦C, respectively.
The sample was positioned in a way that the heat could transfer to the cold side only along
the sample axis [51].
3.2 Electron Microscopy/Imaging Methods
3.2.1 SEM
In scanning electron microscopy (SEM) a finely focused electron beam is scanned over a sample
surface and the interaction of the primary electrons (PE) with the sample is used for image
formation. Fig. 3.1 shows a typical configuration where the basic elements are labeled. The
electron beam, generated by the electron gun, gets formed by the condenser and objective
lenses as well as the aperture. The scanning unit and the detectors are the basic elements for
signal recognition. The beam guideway and the chamber are evacuated to a high vacuum of
about 2 · 10−5 mbar during the scanning process.
Figure 3.1: Schematic setup of a scanning electron microscope, adapted from [52]
In this study, an Ultra 55 with a Gemini R© column (Carl Zeiss SMT AG) was used to analyze
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the surface of the thermoelectric bulk material. The advantage of the Gemini R© column is
the usage of a so-called beambooster. With its help, the electron beam is formed at higher
energies in the lens system and decelerated to the desired acceleration voltage only after
passing the end lens. This way, the space below the aperture remains field-free and gives
space for additional techniques like focus ion beam machining (described in subsection 3.2.2).
The electron source consists of a tungsten field emission tip coated with ZrO2. To enable a
long life time, the gun operates at a ultra-high vacuum of 10−10 mbar. Electrons get emitted
by applying a voltage between the mildly heated tip and the extractor. The field-emitted
electrons are then accelerated downwards the column in the direction of the specimen. The
electromagnetic condenser and objective lens demagnify the beam crossover by about a 10.000
times. Instrumental resolution depends on two quantities: size of the beam crossover given
by the aperture size and the dimension of the excitation volume, which is determined by
the accelerating voltage and the composition of the sample. The resolution for the employed
device is specified to be below 2 nm. The beam is then scanned over a rectangular area by a
scanning unit.
Figure 3.2: (a) Signals generated by the interaction of electrons and matter. (b) Excitation volume
of electrons within the sample.
When the electrons hit the surface, a multitude of interaction takes place (Fig. 3.2 (a)). Pri-
mary electrons ionize atoms on their way through the sample causing secondary electrons (SE)
to escape from the surface near the impinging region. SE have energies smaller than 50 eV and
can be gettered by a positive biased Everhart-Thornley detector. Due to their shallow escape
depth, SE image the sample’s topography. However, the PE can also be back scattered directly
and detected as high-energetic electrons of more than 50 eV (BSE-backscattered electrons).
The excitation volume below the sample surface has a drop-like shape. Its dimension depends
on the kinetic energy of the impinging electrons and on the material itself. A schematic draw-
ing with the different excitation regions is depicted in Fig. 3.2 (b). The backscatter yield is
proportional to the atomic number Z and accounts for a materials contrast given that the
sample surface is plain and well polished. The BSE detector usually consists of a 4-quadrant
semiconductor detector which is mounted just below the end lens. Together with the BSE
there can also be SE generated, their yield being proportional to the backscatter yield. A
more detailed description can be found in Refs. [52, 53].
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3.2.2 FIB
Focused ion beam machining (FIB) is usually combined with SEM, i.e. ion beam and elec-
tron beam are combined in one device and can work at the same location of the sample
(CrossBeam R© configuration). Both electrons and ions are used for imaging but the main task
for the ion beam is to erode sample material as well as coating the sample surface with the help
of an gas injection system (GIS) in a defined manner. To provide a controlled erosion, a Ga+
ion source is used. Conventional tasks include cross-sectioning (for example for failure analysis
in the semi-conductor industry) and (as another important field) TEM sample preparation.
In this work a Carl Zeiss Auriga R© equipped with a Cobra column and a five-fold GIS was
used to obtain TEM lamellae via lift-out procedure. For this purpose, first a thin and a thick,
bar-like (∼ 1 µm) Pt-layer are deposited by cracking a precursor gas using electrons and ions,
respectively on the site of interest to protect the lamella from ion irradiation and associated
Ga implantation. After cutting free, the lamella is attached to a micromanipulator and lifted
out. The lamella is then connected to a Cu-grid and further thinned and polished with 30 kV
and 5 kV (low-kV mode), respectively. The use of the low-kV mode as well as the spatial
arrangement of sample and ion-beam incidence are particular important to minimize sample
damage during preparation [54–56]. As the prepared TEM samples of the studied material
tended to twist and to bend due to large strain in the sample, thinning had to be accomplished
in a very cautious way. For part of the TEM sample preparation, another lift-out technique
was applied at the Fraunhofer Institute for Mechanics of Materials IWM in Halle. A Carl Zeiss
NVision 40 R©, using a lift-out shuttle and passive µ-clamps [57] was employed. This technique
assures a less pronounced bending of the TEM samples. A final thinning step using Ar+ ions
was usually accomplished after initial examination. For this purpose, a Gatan Precision Ion
Polishing System (PIPS
TM
) was used in single beam-modulation mode (2.5 kV) at a glancing
angle of 7◦. TEM sample preparation via FIB machining was chosen for mainly two reasons.
On the one hand, the toxicity of PbTe [58] excluded the employment of electropolishing or
mechanical thinning (grinding and mechanical dimpling). On the other hand, the site-specific
selection of the sample lift-out with µm accuracy is only possible using the FIB technique.
3.2.3 TEM
Transmission electron microscopy (TEM) is based on the same concept as SEM, but here a
very thin sample allows the electrons to pass through it. Within the sample the electrons get
either scattered elastically, being in this way the major source of contrast and crystallographic
characterization. Inelastical scattering generates a whole range of signals revealing the chem-
istry of the sample. Contrary to SEM, the small excitation volume (due to the thin sample)
is not a major limiting factor for image resolution. The transmitted electrons go through an
arrangement of objective and projective lenses before hitting a fluorescence screen/camera.
Thereby one can switch between imaging and diffraction mode.
To be transparent for electrons, the sample thickness should not exceed ∼ 200 nm, depending
on the accelerating voltage of the electrons and elemental composition of the sample. A
schematic set-up is presented in Fig. 3.3. An electron gun emits electrons as described in the
previous subsection. Depending on the primary application field, a distinction can be made
between different types of electron sources. In this work microscopes were employed equipped
with a thermionic source (LaB6) and a field emission gun (FEG), using accelerating voltages
between 100 and 300 kV.
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In conventional TEM, an electron beam is formed by a condenser lens system and illuminates
a specimen area in an homogenously even manner. The subsequent imaging system consisting
of objective lens, intermediate lenses, and projective lenses magnifies the image plane of the
objective lens on a fluorescent screen, i.e., the microscope is operating in imaging mode. This
setting is depicted in Fig. 3.3. To enhance the image contrast, an objective aperture, inserted
in the back focal plane of the objective lens, is used to block part of the passed electrons. If
only the direct beam (unscattered electrons) passes the aperture, the term bright field imaging
is used. Exclusion of the primary beam results in dark field imaging. A contrast resulting
from variation in mass and thickness of the specimen is denoted as amplitude contrast, i.e. the
electron wave changes its amplitude as it goes through the sample. Diffraction contrast can be
regarded as a special form of amplitude contrast where the scattering occurs at specific angles,
i.e at Bragg angles [12]. As this contrast depends on the crystal structure and orientation of
the sample, it provides information about crystal defects. Mass-thickness contrast arises from
incoherent elastic scattering (Rutherford scattering), which is - to a certain degree - ever-
present as it is almost impossible to thin a sample uniformly. In this way, weaker scatter
objects within the sample (for example voids or precipitates of lower mass thickness) appear
brighter in bright field mode [52, 53].
Figure 3.3: Schematic setting of a transmission electron microscope, adapted from [52].
By changing the excitation of the intermediate lenses, the back focal plane of the objective
lens is imaged (diffraction mode). The appearing electron diffraction pattern (EDP) gives
information about the ordering degree of atoms (single-, polycrystalline) as well as the crystal
orientation. To select a specific area and to reduce the intensity of the direct beam, a selected-
area diffraction (SAD) aperture is inserted in one of the imaging planes of an imaging lens.
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The spatial resolution of TEM is limited by lens defects like astigmatism, spherical and chro-
matic aberration (concerning the projective lens) as well as instability of acceleration voltage
and lens currents. The imaging lens system allows an up to 107-fold post-magnification to
make instrumental resolution accessible to the human eye or to the CCD camera, respectively.
For analytics, a very fine probe (Å level) is usually desired (scanning transmission electron
microscopy (STEM)). In STEM mode, no image forming lenses are used, therefore defects
of the image lenses do not affect the image resolution. STEM mode is the tool of choice
for energy-dispersive X-ray spectroscopy (EDXS) and its complementary technique electron
energy-loss spectroscopy (EELS).
Phase contrast arises due to differences in the phase of the electrons scattered through a sample
and is sensitive to many factors such as changes in thickness, orientation and scattering factor.
However, this sensitivity makes it appropriate for imaging the atomic structure, i.e. for high
resolution TEM (HRTEM). The accompanying need for microscopes with sufficient resolution
led to the development of aberration-corrected TEM (probe- and image-corrected variants)
[59, 60]. This context also includes Z-contrast imaging where detectable scattering arises from
single atoms. Only the high-angle scattered part of the elastically scattered electrons (which
are strongly dependent on Z ) is detected by an annular dark field detector with a very large
aperture (high-angle annular dark-field (HAADF)). In this way, Bragg electrons are not able




X-ray emission is the most important secondary signal generated by inelastically scattered
electrons in the sample (bulk and TEM lamella). When entering the sample, electrons interact
both with inner-shell electrons and with the nucleus of the specimen atoms. With respect to
the first interaction a characteristic amount of energy can be transferred to an inner-shell
electron which is then able to leave the attractive field of the nucleus, i.e., it gets ionized. The
hole is filled by an electron of the outer shell accompanied by the emission of either an X-ray
or an Auger electron. The emission energy of the X-ray photon is characteristic and equals the
energy difference of the two electron shells involved. As the energy difference increases steadily
with the atomic number Z, the detection of an X-ray can be correlated with the presence of








generalized Moseley’s law [61],
where f is the frequency of the emission energy, fR the Rydberg frequency, Zeff the effective
atomic number, and n1 and n2 the quantum numbers of the inner and outer shell, respec-
tively. The detection of X-rays with respect to their energy is known as energy dispersive
X-ray spectroscopy (EDXS). If the penetrating electron interacts with the Coulomb field of
the nucleus, its momentum can be changed and the suffered energy loss can lead to X-ray
emission whose continuous energy range is known as bremsstrahlung. X-rays of both kinds
are usually detected by a semiconductor detector. In this detector, the photon energy of the
X-rays is used to create electron-hole pairs. The number of pairs is directly proportional to
the X-ray energy and related to the count rate of the detector.
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Energy dispersive X-ray spectroscopy was both applied for SEM and TEM. For EDXS mea-
surements related to SEM, a specific working distance (defined as the distance between the
beam exit and sample surface) has to be met to get an optimal count rate as the EDXS
detector is fixed at a specific position sideways in the chamber. Certainly the EDXS count
rate depends also on the elemental composition of the sample and the excited energy levels
of the electrons associated with the element. Therefore, a certain acceleration voltage has to
be set to maintain an overvoltage of at least 2.5. This again is affecting the dimension of the
excitation volume.
Figure 3.4: Monte Carlo simulation to estimate the resolution for EDXS point measurements. Exci-
tation volume for 20 keV electrons penetrating into LAST bulk material. Scattering paths are colored
blue, trajectories of BSE are colored red.
A simulated volume generated by a Monte Carlo simulation1 with appropriate parameters is
shown in Fig. 3.4. The result was used to estimate the dimensions of the probing volume
for EDXS point measurements for the materials under investigation. By considering 20 keV
electrons penetrating into LAST bulk material, a probing depth and lateral width of ∼500 nm
and ∼2 µm, respectively, was estimated. Within this study, a standardized evaluation of
the SEM EDXS spectra was performed using standardless atomic number Z, absorption (A),
and fluorescence (F)2 correction and a batch routine for the subtraction of bremsstrahlung
background. The measurement error was estimated to be less than 2%. To analyze the bulk
material quantitatively, both EDXS point measurements and area scans were accomplished.
For qualitative analysis, color-coded EDXS maps were generated, showing the elemental dis-
tribution for an area of the sample surface. Thereby the color intensity represents the share
of the respective element.
Due to the much higher acceleration voltage and the negligible X-ray energy loss within the
thin sample in TEM, high X-ray emission energies can be excited and detected, respectively.
Background correction is not essential due to the small interaction volume. Also, during
quantification, correction factors A and F can be neglected for the same reason. On the other
hand, the count rate is accordingly small and new EDXS systems, like the recently introduced
SuperX detector [64], have to be developed to overcome this issue. On TEM samples mostly
1Casino version 2.42 [62]
2ESPRIT version 1.9 [63]
25
3.4. Thermoelectric Characterisation
EDXS point measurements were accomplished in order to analyze nm sized features. More
details regarding X-ray spectroscopy can be found e.g. in [11, 65].
3.3.2 EELS
Information about chemical and elemental composition of a sample can be also obtained by
directly analyzing the energy loss of the transmitted electrons as they get scattered inelastically
in the sample. An electron energy loss spectrum yields information about various inelastic
interactions such as plasmon excitation (collective response of outer-shell electrons) and inner-
shell ionization. The latter is presented by ionization edges recorded typically at losses between
30 eV and 2000 eV. Core loss edges have a characteristic energy-loss and shape, which are
specific to the ionized species. Additionally, the edges exhibit a fine structure which gives
information about binding structure and local atomic ordering.
Conventional TEM-EELS is based on a magnetic prism in which a uniform magnetic field B is
generated by an electromagnet (post-column magnetic prism). In this field, the electrons are
dispersed according to their kinetic energy, which is their incident energy minus any energy
loss occurring in the specimen. The spectrometer object point is an electron-beam crossover
produced just below the bore of the final TEM lens. A spectrometer entrance aperture limits
the range of entrance angles and ensures adequate energy resolution [66].
In imaging spectrometers, a narrow slit inserted at the spectrum plane can remove all electrons
except those within a small energy window, resulting in an energy-filtered (EFTEM) image. In
this way the image intensity can be correlated to a specific inelastic interaction and visualizes
the element distribution in the sample. The simplest method to remove background effects is
known as the jump ratio technique, where an image recorded using electrons at the energy of
the maximum of the absorption peak caused by a particular inner shell ionization (element
edge) is divided by an image recorded just before the ionization energy (pre-edge) [67]. A GIF
(Gatan imaging filter) spectrometer (Gatan GIF 200) marketed by the Gatan company uses
the post-column magnetic prism to produce EFTEM images and was employed in this study.
3.4 Thermoelectric Characterisation
In order to determine the thermoelectric figure of merit, ZT (equ. 2.14), the individual pa-
rameters S, σ and κtot had to be measured. The following subsections describe briefly the
measuring processes. All measurements except that of spatially resolved κtot(x,y) (carried out
at the Fraunhofer IWM in Freiburg) were performed at the Institute of Materials Research at
the DLR Cologne within the group “Thermoelectric functional materials”.
3.4.1 Potential Seebeck Microprobe
The potential Seebeck microprobe (PSM) is an in-house development of the group “Thermo-
electric functional materials”. It measures the Seebeck coefficient by applying a local tempera-
ture gradient (∆T∼ 5 K) between a heated tip and the bulk sample which is in contact with a
heat sink. The tip scans the sample surface whereby tip and heat sink can be moved via linear
stages. By measuring simultaneously the thermo-voltages via thermocouples connected to the
probe and the sample, respectively, the Seebeck coefficient can be derived [68]. 2D mappings
of the Seebeck coefficient S(x,y) using PSM were performed at room temperature to obtain
an overview of the initial homogeneity (or content of inhomogeneity) of the material [69]. A
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lateral resolution of 5 µm was accomplished to detect small inhomogeneities and to match κtot
scans. To measure the dependence between Seebeck coefficient and operating temperature,
the potential difference ∆V and temperature difference ∆T between the hot and cold side of
the sample were measured in vacuum with an in-house-built setup of the same group between
room temperature and 500◦C to obtain the Seebeck coefficient S. The measurement error was
estimated to be 5%.
3.4.2 Electrical and Thermal Conductivity Measurements
Measurement of electrical conductivity σ was performed by the standard four-probe DC
method in vacuum with a measurement error of 5%. Thermal conductivity κtot was ob-
tained by measuring thermal diffusivity D with a laser flash apparatus (Netzsch LFA 427),
heat capacity cP via differential scanning calorimetry DSC (Netzsch DSC 404) and sample
density ρ using the Archimedes method. The thermal conductivity κtot is then calculated by
κtot=D ·cP ·ρ. The lattice part of thermal conductivity, κL, can be evaluated from the κL=κtot-
κel (equ. 2.15). κel is usually calculated by using the Wiedemann-Franz law, κel=σ·L0·T, where
T is the absolute temperature and L0 is the Lorentz number whose value depends on various
factors such as the scattering mechanism and the concentration of electrons and holes. The
measurement error was estimated to be 8%.
To determine spatially resolved thermal properties, i.e. κtot(x,y), time domain thermore-
flectance (TDTR) was employed [70]. The TDTR setup was built up at the Fraunhofer
Institute for Mechanics of Materials IWM in Freiburg under supervision of A. Neubrand. The
spatial resolution of such a photothermal method can reach a range of a few micrometers
which makes thermal measurements on single grains possible. The specimen is mounted on
a computer-controlled x-y-z-translation stage with 1 µm resolution. The specimen surface is
heated by a pulsed Nd:YLF laser focused to about 400 µm beam diameter. The subsequent
decay of the surface temperature is measured based on the temperature induced reflectivity
change of a highly reflective coating layer (thermoreflectance). The decay of the surface tem-
perature includes a time constant which in turn is used to determine the thermal effusivity
bs. With κtot=Cs·b2s, Cs being the specific heat capacity, κtot can be derived. An accuracy of
measurement of 5% was reached. By overlaying S (x,y) and κtot(x,y), assuming a constant σ,
a local distribution of ZT, i.e. a ZT -map, can be gained. This presents an unique and novel
method to determine spatially resolved ZT values. The task to find an optimal coating layer
in terms of reflectivity, adhesion strengths, thickness and coating technique was integrated
in this study. After investigating various metals such as AlMg3, Mo and Ta the following
coating procedure was regarded as most reasonable: extremely well polished LAST-18 mate-
rial was coated with a very thin (20 nm) interlayer of Cr in order to improve adhesion. A
Mo film of 600 nm nominal thickness was coated subsequently. The Cr and Mo layers were
deposited via magnetron sputtering whereas film thickness was determined by mechanical






4.1 Characterization on the Microscale
If materials are processed via melt-down, both dwell times at specific temperatures and cool-
ing rates have a tremendous impact on initiation and on prevention of phase formation. The
pseudo-binary phase diagram of 2PbTe-AgSbTe2 is shown in Fig. 4.1 [71] and illustrates spe-
cific temperatures which need to be considered when working with LAST. The composition of
LAST-18 is indicated by the vertical line. The intersection with the liquidus and solidus line
is about Tliquid = 900◦C and Tsolid = 780◦C, respectively.
Figure 4.1: Phase diagram of the pseudo-binary system PbTe-AgSbTe2. The dashed vertical and
horizontal lines are representing the LAST-18 composition and expected melting and solidification
temperatures, respectively.
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Figure 4.2: Overview of synthesis routes, parameter variation, and sample names which are used
throughout the text. Only stoichiometric LAST-18 samples are considered.
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To keep track with various synthesis routes and parameter variation presented in this chapter,
Fig. 4.2 is intended to give an overview and list the names for samples with the LAST-18
composition. A detailed list with all the analyzed samples including non-stoichiometric LAST
can be found in the appendix A.2.
4.1.1 Optimization of Melt Synthesis Parameters
To start with, two melting routes with a homogenization period well above and at 950◦C,
i.e., above and below Ts(Ag2Te) = 959◦C [72, 73], and with a slow cool down were followed
(Fig. 4.3). No melt rocking was applied during homogenization.
Figure 4.3: Schematic synthesis route for 72h-slow and 25h-slow.
Route 25h-slow (black line) had a rather short homogenization time at 1050◦C (complete melt-
ing of all components and its corresponding alloys), followed by slow cool down to 700◦C and
a four times faster cooling rate down to room temperature. The dwell time in the 2-phase-
region (S+M region in Fig. 4.1) added up to 13.6 h. The homogenization temperature for
route 72h-slow (red line in Fig. 4.3) is below Ts(Ag2Te), so Ag2Te seeds could have been
conserved and kept separated due to the somewhat shorter dwell time in the 2-phase-region
(9.6 h). This assumption is pursued further in section 4.2. Route 72h-slow also stayed 2.5
times longer time in the temperature interval between 530 and 330◦C than Route 25h-slow.
The obtained ingots were cut into slices to check the homogeneity alongside the ingot.
Figure 4.4: SEM images showing secondary phases of samples from different positions of the ingot
from route 72h-slow as indicated in the top-right corners. The ingot had diameter and length of 10 mm
and 30 mm, respectively, sample hight was 2 mm.
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SEM micrographs of 72h-slow -samples (Fig. 4.4) show that the sample from the top of the
ingot has another microstructure than samples from the middle and bottom (an icon of the
ingot is depicting the respective location of the disc samples within the ingot). This is most
likely due to lack of rocking the melt during homogenization. In the latter two samples, most
of the Sb-Te-rich secondary phase is located at the rim possibly due to a peritectic reaction:
the ampoule wall is warmer than its center - that is why the Te-Sb-saturated liquid solidifies
there.
Table 4.1: Detected secondary phases for 72h-slow and 25h-slow.
phase no. Ag Pb Sb Te 72h-slow 25h-slow
at% at% at% at%
1 6.5 5.2 32.2 56.0 3 3 Sb-rich
2 20.4 4.7 4.9 69.9 3 3 Ag-/Te-rich
3 0.6 1.1 1.9 96.4 3 3 close to pure Te
4 60.0 0.4 0.4 39.2 - 3 close to Ag3Te5
5 13.9 5.4 17.8 62.9 - 3 Ag-/Sb-/Te-rich
6 18.1 9.4 21.9 50.6 3 3 close to AgSbTe2
7 6.4 3.1 8.2 82.3 3 - Te-rich
However, within the matrix the dissolved Ag and Sb seem to be distributed homogenously
from the center to the periphery of the disk. The different melting procedures created various
secondary phases (see Table 4.1). EDXS measurements showed for both routes an Ag-rich, an
Sb-rich, and a pure Te phase which could have been preserved due to absent ampoule rocking
(secondary phases 1 to 3 in Table 4.1). Figure 4.5 shows SEM micrographs for both routes
with colorcoded EDXS maps.
Figure 4.5: SEM images showing the matrix and secondary phases of 25h-slow (a) and 72h-slow (b)
samples. The insets show a qualitative element distribution gained by EDXS mapping.
As depicted in Fig. 4.5 (a), 25h-slow contained another Ag-rich phase (no. 4 in Table 4.1)
whereas 72h-slow does not (Fig. 4.5 (b)), in this way further supporting the assumption that
an Ag-rich phase could have been rather preserved on the nm scale. In addition, both routes
exhibited a phase with similar Ag and Sb content (phases no. 5 and 6), wherein the composition
of phase 6 is quite close to AgSbTe2. This phase formed a network-like structure where the
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enclosed matrix was slightly Ag- and Sb-enriched (close to LAST-6), Fig. 4.6. The branch
diameter of phase 6 is below 1 µm and therefore this structure could be already serve as a
scatterer for phonons. For this reason and to understand the mechanism of phase formation,
a material was synthesized with equal molar percentage of the secondary phases close to
AgSbTe2 and LAST-6. A discussion dealing with this and other synthesized secondary phases
is to follow later in this section.
Figure 4.6: (a) SEM image showing a structure indicating phase separation of phases 6 (secondary
phase) and LAST-6 (matrix) in 25h-slow. (b) magnified inset of (a). (c) qualitative element distribu-
tion gained by EDXS mapping of area (b).
To avoid or at least suppress coarsening of secondary phases on the microscale, quenching
was introduced to cross the two-phase region as fast as possible. For this purpose, water and
oil were used as quenching media. In addition, a rocking furnace was applied in order to
assure homogeneity within the ingot. Moreover, homogenization time thom was varied. The
homogenization temperature for this series was fixed at 1100◦C.
From Fig. 4.7, the positive impact of the rocking furnace is immediately apparent. When
comparing sample 1h-wq (Fig. 4.7 (c)) with R-1h-wq (Fig. 4.7 (f)), it is obvious that secondary
phases are more separated and also have a smaller fraction Fsec if the melt is rocked during
homogenization. Here, Fsec is calculated by transforming appropriate SEM images into binary
images and evaluating them with an image processing software1. For 1h-wq, one can see the
eutectic Sb-rich phases (dark, drop-like shape) embedded in the matrix and peritectic Ag- and
Te-rich phases segregated at grain boundaries (lighter, branching shape) [75, 76]. Also the
rocked version of 72h-slow (Fig. 4.7 (a)) is more homogeneous (secondary phases are encircled
in R-72h-slow, (Fig. 4.7 (b))). A look at the different kind of quenching media shows that
one does not see a distinctive effect on the microscale if both samples were rocked (R-1h-oq
(Fig. 4.7 (g)) and R-1h-wq (Fig. 4.7 (f))) but later in section 4.2 it is investigated whether
there are differences on the nm scale. If the melt is not rocked (1h-oq (Fig. 4.7 (d)) and 1h-wq
(Fig. 4.7 (c))) one definitely sees the positive impact of oil as quenching medium. Oil has the
advantage of a higher viscosity and higher boiling temperature enabling it to stay in contact
with the hot ampoule the entire cooling time. Water, in contrast, forms a steam layer and
turbulent convection around the hot ampoule serving as a insulation barrier for heat transport
during the quenching process. Thus, higher cooling rates are expected for oil [77].
However, wq samples possessed smaller phases with reference to dimension which might dis-
solve more easily upon annealing. From practical reasons, it is easier to handle water than
1ImageJ version 1.42q [74]
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Figure 4.7: SEM images of LAST material from different routes comparing various synthesis parame-
ter like rocking, quenching and homogenization time. When applicable the percentaged fraction Fsec of
secondary phases is given. (a) thom=72 h, slow cool down. (b) thom=72 h, rocked during homogeniza-
tion, slow cool down. (c) thom=1 h, quenched in water. (d) thom=1 h, quenched in oil. (e) thom=24 h,
quenched in oil. (f) thom=1 h, rocked during homogenization, quenched in water. (g) thom=1 h, rocked
during homogenization, quenched in oil. (h) thom=24 h, rocked during homogenization, quenched in
water.
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oil as oil is flammable and would give rise to safety issues. So water was chosen as quenching
medium for experiments to be discussed in the following.
Finally, upon varying the homogenization time it was revealed that both number and frac-
tion of secondary phases are smaller for a shorter homogenization period (compare 1h-oq
(Fig. 4.7 (d)) and 24h-oq (Fig. 4.7 (e))).
The graph in Fig. 4.8 shows which secondary phases were found in which sample on the mi-
croscale by EDXS. Table 4.8 at the end of this section lists the compositions of all detected
phases by SEM EDXS. Like in the slow cool-down processes described earlier, not all phases
can be matched with an existing stoichiometric composition. A reason for this could be that
one can not guarantee that the excitation volume of the probe is completely inside the im-
purity phase as in these samples their dimensions were rather small. Due to the necessary
overvoltage, the probe diameter can not be reduced far below 2 µm (see Monte Carlo sim-
ulation in subsection 3.2.1). Therefore, non-stoichiometric compositions can be mixtures of
matrix and secondary phase.
Figure 4.8: Scheme which illustrates the appearance of secondary phases in samples with parameter
variation.
Nevertheless, some important conclusions can be drawn from the Fig. 4.8:
• quenching is preventing phase 4 (Ag3Te5)
• R-wq ingots do not show extremely Te-enriched phases (Te>80 at%) like pure Te and
phase no. 7 (see Table 4.1)
• pure Sb precipitation are found in wq ingots (phase no. 11)
Measured non-stoichiometric compositions of the secondary phases can also be a result of the
inhomogeneity inside one phase. The schematic 2PbTe-AgSbTe2 equilibrium phase diagram
in Fig. 4.9 (a) (adapted from [71]) shows that during solidification the composition of the solid
solution is going from Ag- and Sb-poor to Ag- and Sb-rich. The compositions of the secondary
phases shown are not exactly located on the 2PbTe-AgSbTe2-line but this simplification is ac-
curate enough to illustrate the trend. Phases with excessive Ag-, Sb-, or Te-content can not be
depicted in this kind of diagram. SEM and EDXS analyses revealed an Ag- and Sb-enriched
matrix (phase no. 10, close to LAST-6) in the vicinity of impurity phases and showed that the
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composition gets Ag-richer towards the center of the phase. In the SEM image in Fig. 4.9 (b),
a secondary phase in sample R-1h-wq is exemplarily shown. To check the homogeneity of the
phase, a grid of EDXS spots was spread over the location. The contour plot in Fig. 4.9 (c)
shows the distribution of the Ag content whereas the plot in Fig. 4.9 (d) classifies each EDXS
point measurement with compositions existing in the 2PbTe-AgSbTe2 phase diagram.
Figure 4.9: Schematic phase diagram of the system 2PbTe-AgSbTe2 (a) showing the compositions of
various detected phases (b). The contour plot (c) and the correlation between EDXS point measure-
ment location and composition (d) illustrate the inhomogeneity within one phase and the solidification
process, respectively.
4.1.2 Annealing Treatment: Impact of Time, Temperature and Cooling
Rate
For following syntheses, processes, including annealing treatment, are based on R-1h-wq.
A series of annealing treatments was performed by varying annealing time tann and annealing
temperature Tann. Tann was chosen by taking into account specific temperature points in the
quasi-binary phase diagrams of PbTe, Ag2Te and Sb2Te3 like eutectic and eutectoid points
[77]. Figure 4.10 presents SEM micrographs of the phases detected. The results prove that
annealing did not have the desired effect so far - various impurity phases are still showing
up on the microscale. However, the morphology of the phases has changed as they adopt
round, droplet-like shapes and are clearly separated. For Tann=600◦C and Tann=720◦C, an
equilibrium state seemed to have reached because only one kind of secondary phase was
present. Thereby a composition within the δ-SbTe (numbered as phase no. 12, see Tab. 4.8)
was detected for R-1h-wq-720. For lower Tann, the impurities consist partly of two phases (see
Fig. 4.10 (c) and (d)) and pure Te.
The microstructure from these individually annealed ingots could not give explicit evidence
which annealing treatment would be the best to follow, therefore a gradient annealing ex-
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Figure 4.10: SEM micrographs and qualitative elemental maps of R-1h-wq-720 (a), -600 (b), -500
(c), -350 (d). While for elevated Tann, only one kind of secondary phase was detected ((a) and (b)),
samples with lower Tann showed inhomogeneous phases consisting mainly of phases 1 (Sb-rich) and 2
(Ag-rich), like shown in the elemental maps.
Figure 4.11: (a) Position-sensitive Seebeck coeff. measured along the rod before and after gradient
annealing; attribution of colors to S-values is given on the right-hand side. (b) SEM images from rod
slices correlated to a specific Tann. Schematic coloring below shows the occurrence of the secondary
phase.
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periment was performed [51]. The setup and the used parameters were already described
in chapter 3.1. R-1h-wq-720 showed the worst TE properties so the high-temperature limit
could be decreased to 600◦C [77]. A scan of the Potential Seebeck Microprobe (operation
principle explained in 3.4.1) alongside the rod was carried out before and after the annealing
(Fig. 4.11 (a)) and shows first of all good homogeneity across the rod.
The scan after annealing exhibits a favorite temperature range for highest temperatures and
also a slightly better area around Tann=505◦C (change from green to yellow colorcode). The
rod was then cut into slices - whereby each of them correlates to a specific Tann - and each slice
was divided into several subsections. Each subsection was designed for a specific measurement
method. SEM analysis on designated parts of these slices revealed just two secondary phases:
pure Sb and Ag2Te (numbered as phase no. 11 and 15 in Tab. 4.8).
The detection of Ag-rich and Sb precipitates indicates their low solubility limits in the LAST
matrix as well as within each other, which can be expected from published equilibrium phase
diagrams and findings of other reports [76, 78, 79]. The SEM micrographs in Fig. 4.11 (b) are
correlated to the schematic discs in Fig. 4.11 (a) and reveal that Sb is the major secondary
phase and that for elevated Tann it is not possible anymore to observe Ag2Te on the microscale.
The detailed evaluation of the fraction of these secondary phases is depicted in Fig. 4.12 (a).
Figure 4.12: (a) Area fraction Fsec of secondary phases for various Tann. (b) Evaluation of matrix
composition suggests an increase in Sb solubility in the the PbTe matrix and a trend towards the
nominal Ag/Sb ratio with increasing Tann.
One can state that - at least for Tann ≥360◦C - with increasing Tann the fraction of the Sb
phase decreases, suggesting an increasing Sb solubility in the PbTe matrix. This correlates
with the increasing Sb content in the matrix with increasing Tann (Fig. 4.12 (b), lower part
of the graph). The upper part of Fig. 4.12 (b) indicates the adjustment of an equilibrium
state for the three highest Tann as the Ag/Sb ratio seems to tend to the nominal Ag/Sb ratio
of 1:1. Fig. 4.13 depicts all relevant TE quantities, measured directly or calculated from the
measured quantities, respectively, at DLR Cologne.
As explained in [51], for a given annealing condition, the decrease and increase of σ and S,
respectively, with rising temperature are consistent with the behavior of a degenerated semi-
conductor [80]. Figures 4.13 (a) and 4.13 (b) demonstrate that, except for the samples that
were annealed above 505◦C, the samples with higher electrical conductivity exhibit a lower
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Figure 4.13: Measured and calculated TE quantities.
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Seebeck coefficient. Actually, one would expect an increase in the Seebeck coefficient with
annealing temperatures as σ decrease with increasing annealing temperatures. The different
annealing conditions led to the formation of several quaternary LAST compounds with slightly
different compositions (see Fig. 4.12). Consequently, one can expect different electronic struc-
ture near the Fermi level depending on the annealing conditions that govern the electronic
transport properties. Thus, the discrepancy is found in the case of samples that were annealed
above 505◦C for which low electrical conductivities accompanied by low Seebeck coefficients
were measured. Given the observed phase segregation in LAST compounds, they cannot be
regarded as solid solutions between AgSbTe2 and PbTe but as nanocomposite systems, which
has also been reported by several authors [81]. The random dispersion of Ag+ and Sb+3
ions over large separation between them would create charge imbalances in their vicinity as
they were intended to isoelectronically substitute Pb+2 sublattice in LAST compounds. Thus,
Ag+ and Sb+3 ions are inclined to form Ag+-Sb+3 pairs in order to keep charge balance in
the compound creating some ordering patterns in the lattice, which substantially affect the
TE properties of the material according to theoretical calculations [82].
Fig. 4.13 (a) demonstrates an increase of the electrical conductivity with increasing Tann
which is consistent with the lower Seebeck coefficients for the samples that were annealed
below 505◦C. The atypical increase of the Seebeck coefficient for low Tann at high operating
temperatures is due to the fact that as soon as the operating temperature exceeds Tann a
change in microstructure is highly probable. It is speculated that excess of Ag (more than
its nominal composition of 2.5 at%) in the samples that were annealed at ≤505◦C has more
tendency to occupy Te sites as Te is deficient when compared to its nominal composition of
50 at%. In combination with Sb as donor, this would increase the electron concentration
raising the electrical conductivity. This is more pronounced in the sample that was annealed
at 360◦C as expected due to its high volume fraction of Ag2Te microscale precipitates and
high amount of Ag in the matrix. This mechanism ceases with increasing Tann as more and
more Ag2Te and Sb secondary phases dissolve into the matrix reaching its nominal compo-
sition. Extracting the κL part from κtot revealed lowest κL values for samples correlated to
Tann=505◦C and Tann=525◦C. There is an increase in κL for elevated Tann=580◦C suggesting
some drastic change on the nm-scale as on the µm-scale only a constant decrease of Fsec of
secondary phases with increasing Tann is observed. A detailed analysis of the microstructure
on the nm-scale is given in section 4.2. The behavior of the Seebeck coefficent for low Tann
leads also to unexpected trends of the ZT value for operating temperatures above the respec-
tive Tann (Fig. 4.13 (f)). The best ZT value was determined to be 1.05 for Tann=505◦C at an
operating temperature of 425◦C.
Given the defined favorable temperature range of Tann=500◦C - 550◦C, two ingots were syn-
thesized only differing in an additional short annealing step at Tann=505◦C. SEM and EDXS
analysis of R-2.5h-wq-350 and R-2.5h-wq-350&505 showed that even this short annealing step
leads to a homogenization within the secondary phases and only Sb and Ag2Te are detectable
for R-2.5h-wq-350&505. The SEM images in Fig. 4.14 show that with an additional anneal-
ing step at 505◦C the phase mixture (Fig. 4.14 a) segregates towards stoichiometric phases
(Fig. 4.14 b) [75]. The newly detected phases related to annealing treatment can be found in
Table 4.8.
One process parameter which has not been mentioned so far is the cooling rate completing an
additional heat treatment. Various reports (for example [5, 43, 83–86]) emphasize the cruel
impact of this parameter on the formation of impurity phases and the subsequent homogeneity
of a material. Therefore SEM analysis was done on R-2.5h-wq samples which underwent a heat
40
4.1. Characterization on the Microscale
Figure 4.14: (a) SEM micrograph (BSE) of sample annealed at 350◦C for 1 week shows inhomo-
geneous secondary phase composition. (b) With an extra annealing step at 505◦C for 2 hours the
impurity phases seem to segregate towards the stoichiometric phases Sb and Ag2Te.
treatment with cooling rates of 10◦C/h (denoted as HT01) and 2◦C/h (HT02), respectively.
Fig. 4.15 illustrates the respective heat treatments.
Figure 4.15: Heat treatment of R-2.5h-wq samples. (a) HT01 partly adapted from [5]. (b) HT02 as
proposed by [87].
The heat treatment HT01 related to a 10◦C/h cooling rate was based on a routine proposed by
Hsu et al. [5, 88] but here the ingot was heated to 980◦C after quenching because stoichiometric
LAST-18 would not melt below 900◦C according to the pseudo-binary system PbTe-Ag2Te [89].
This additional stage is highlighted by a red line and introduces an extra step in the cooling
procedure (Fig. 4.15 (a)). The dwell time at 850◦C assures a considerable stop in the 2-phase-
region according to the pseudo-binary phase diagram of 2PbTe-AgSbTe2. Another dwell time
at 450◦C should contribute to further homogenization. The second heat treatment HT02 was
inspired by Han et al. [87] (Fig. 4.15 (b)). For the comparison of both routes an Sb-rich LAST
composition was chosen, i.e. Ag0.53Pb18Sb1.2Te20. For this composition, Levin et al. observed
electronic inhomogeneity which may result in strong energy-dependent electron scattering and
an enhancement of ZT [90]. Microstructural results concerning other Ag1−yPb18+xSb1+zTe20
compositions are discussed further below in the text. TE measurements showed that the
sample treated with HT01, revealed an electrical conductivity nearly twice as high as the
one treated with HT02. Seebeck and thermal conductivity measurements on the other hand
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provided slightly poorer values. However, for HT01, the material delivered the better ZT
value.
Figure 4.16: SEM images and qualitative EDXS mappings.(a) Sample with HT01 (10◦C/h cooling
rate) showing the Sb phase. (b) Sample with HT02 (2◦C/h cooling rate) showing a pure Te and Sb
phase.
Fig. 4.16 shows SEM micrographs alongside with their EDXS mapping for both heat treat-
ments. Even though the sample with HT01 (Fig. 4.16 (a)) showed the larger area fraction
of secondary phases, the material appeared to be more homogeneous. For the sample with
HT02 (Fig. 4.16 (b)), lots of cracks and pores were identified. The associated increased scatter
potential for electrons and phonons could explain the low values for σ (negative impact on
ZT ) and κtot (positive impact on ZT ). The correlated EDXS mappings show one single Sb
phase for HT01 as well as small fraction of an Sb and a Te phase for HT02.
4.1.3 Spinodal Structuring
When HT01 was applied on stoichiometric LAST-18 before grinding and sintering (R-2.5h-
wq-HT01-PC ), the secondary phases Sb and Ag2Te normally related to annealed LAST-18
were replaced by a small occurrence of the δ-SbTe phase (see Fig. 4.17 (a)) in an otherwise
homogeneous, slightly Ag- and Sb-enriched matrix (phase no. 10, see Tab. 4.8). The δ-SbTe
phase had partly a strongly Ag- and Sb-enriched vicinity, like already detected for R-1h-wq.
But here this transition phase exhibited a lamella-like structuring which can be claimed to be
caused by spinodal decomposition (for formation conditions see section 4.2) (Fig. 4.17 (b)).
The lamella width is considerable below 1 µm (which makes the structure suitable for phonon
scattering) and the overall composition detected by an EDXS area scan exhibits around 10 at%
for both Ag and Sb (close to the mixed compositions of phases no. 6 and 10, i.e. close to phase
no. 13). Furthermore, TE measurements indicate a reduction in thermal conductivity κtot if
compared with the lowest κtot values from the temperature gradient annealing experiment.
Spatially resolved κtot-maps using TDTR realized by the Fraunhofer IWM Freiburg (method
described in section 3.4.2) show values of 0.4 Wm−1K−1, 0.6 Wm−1K−1 and 5.5 Wm−1K−1
for the areas with the phases no. 10, lamella-like structuring and δ-SbTe, respectively (see
Fig. 4.17 (c)). The composition of the structure resembles the one of the phase-separation
in 25h-slow (see Fig. 4.6 (b)). There, the structure was observed only at few places on the
samples surface. In order to reproduce this structure on a larger scale, the two detected sec-
ondary phases no. 6 and no. 10 were synthesized separately, ground to powder and equal molar
42
4.1. Characterization on the Microscale
Figure 4.17: SEM micrographs of R-2.5h-wq-HT01-PC showing the δ-SbTe secondary phase (a)
and in a magnified inset spinodal structuring of the transition phase (b). EDXS area scans in the
latter region detected an average composition of 10 at% Ag and Sb. A spatially resolved κtot scan
accomplished with TDTR (at Fraunhofer IWM Freiburg) revealed very low values for the Ag- and Sb-
enriched matrix (0.4 Wm−1K−1) and slightly higher values for the transition phase (0.6 Wm−1K−1)
(c). The κtot value for δ-SbTe was particularly high (5.5 Wm−1K−1) and can therefore not depicted
in the map to scale.
fractions were mingled together and exposed to a sinter process where relatively low homoge-
nization and annealing temperatures were used (for the detailed procedure see appendix A.2).
The result was a spinodal microstructure with an extremely high interface boundary density.
Detected phases were the two initial phases and a strongly Sb-enriched phase (γ-SbTe, phase
no. 14) as depicted in Fig. 4.18 (a) and (b) and Tab. 4.2.
Table 4.2: Weighted fractions in at% of the mixed molar shares of synthesized phases 6 and 10 and
detected phases by EDXS.
mixed Ag Sb Te Pb detected phases by EDXS
phase no. at% at% at% at%
6+10 9.7 15.6 50.0 24.7 6,10,14
A similarly good result with respect to spinodal structuring was achieved by taking the average
composition (LAST-3) of the structured transition phase from sample R-2.5h-wq-HT01-PC
when weighing the raw powders for a synthesis route similar to the previous one. Again,
Tab. 4.3 and the SEM micrographs in Fig. 4.18 (c) and (d) show the spinodal structuring and
the detected phases. The desired observation of spinodal structuring gives a deeper inside into
the quaternary system and the related phase diagram. A more comprehensive view regarding
all phases found on the microscale and the quasi-quaternary system is given in the end of this
section.
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Table 4.3: Initial quantities in at% and detected phases by EDXS.
Ag Sb Te Pb detected phases by EDXS
at% at% at% at%
10 10 50 30 4,6,7,10
Figure 4.18: SEM micrographs of samples which were synthesized in order to reproduce lamella-
like structuring. By producing and mixing phases no. 6 and 10 ((a) and (b)) as well as synthesizing
composition of the structured region of sample R-2.5h-wq-HT01-PC ((c) and (d)) spinodal structuring
was accomplished. (d) shows also marginally detected phases no. 4 (labeled with A) and no. 7 (B).
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4.1.4 Non-Stoichiometric LAST
Although the primary focus of this work is on lowering the thermal conductivity due to the
existence of phonon scatter sites, another aim is to enhance the power factor to improve the
overall performance of a TE device. However, the interdependency and coupling between
σ, κ, and S make it extremely difficult to increase the value of ZT above unity. It has
been reported that the charge carrier concentration n in LAST compounds can be controlled
via non-stoichiometry on the Ag, Pb and Sb fractions in the form of Ag1−yPb18+xSb1+zTe20
[91, 92], which will result in Ag-deficient or Pb/Sb-rich LAST compounds. This is achieved by
altering the balance in the isoelectronic substitution of divalent Pb+2 by monovalent Ag+ and
trivalent Sb+3 cations in the lattice. Thus, Ag-deficiency will decrease the compensation effect
in the presence of excessive Sb increasing the overall free charge-carrier density (n in this case)
[93]. Moreover, according to the equilibrium phase diagram of the pseudobinary Ag2Te-Sb2Te3
system [71, 94], the stoichiometric AgSbTe2 compound is not thermodynamically stable as it
partially decomposes into Ag2Te and Sb2Te3 upon cooling from high temperatures2. However,
the single-phased δ-AgSbTe2 exists in an Sb-rich region (26.5 to 32.1 at% of Sb), where the
Ag/Sb ratio is less than one.
Therefore, Sb-rich Ag1−xPb18Sb1+yTe20 compounds were synthesized with specific values for
x and y (see Tab. 4.4) [95]. To ensure completeness, Tab. 4.4 also includes the heat treatment
compositions previously discussed. For comparison, also a stoichiometric LAST composition is
listed (R-2.5h-wq-505-HT01 ) where an additional annealing step at 505◦C was accomplished
after quenching and before loading the ground material in an ampoule for HT01.
Table 4.4: Stoichiometric compositions of investigated Ag1−xPb18Sb1+yTe20 samples.
x y vacant Pb sites Synthesis route
AgPb18SbTe20 0 0 0 R-2.5h-wq-505-HT01
Ag0.71Pb18Sb1.29Te20 0.29 0.29 0 R-2.5h-wq-HT01-PC
Ag0.55Pb18SbTe20 0.45 0 0.45 R-2.5h-wq-HT01-PC
Ag0.442Pb18SbTe20 0.558 0 0.558 R-2.5h-wq-HT01-PC
Ag0.53Pb18Sb1.2Te20 HT02 0.47 0.2 0.27 R-2.5h-wq-HT02-PC
Ag0.53Pb18Sb1.2Te20 HT01 0.47 0.2 0.27 R-2.5h-wq-HT01-PC
Ag0.46Pb18Sb1.553Te20 0.54 0.553 0 R-2.5h-wq-HT01
Ag0.12Pb19.48Sb0.4Te20 0.88 0.4 0 R-2.5h-wq-HT01-PC
For Ag0.12Pb19.48Sb0.4Te20, the fractions of Ag and Sb correspond to their single solubility
limits in PbTe at room temperature [76]. The fraction of Pb was enhanced from 18 to 19.48
in order to avoid a too high fraction of vacant Pb sites, which act like acceptors increas-
ing the minority carriers that could bring bipolar transport behavior in the material [90].
Ag0.46Pb18Sb1.553Te20 presents Ag and Sb amounts corresponding to four times the solubility
limits without changing the fraction of Pb. The reason for taking Ag and Sb in their solubility
limits or in multiples of solubility limits is that the supersaturated Ag and Sb in stoichiomet-
ric AgPb18SbTe20 segregate out of the parent matrix either as respective tellurides or pure
elementary precipitations [51]. Compositions Ag0.55Pb18SbTe20 and Ag0.442Pb18SbTe20 were
reported to yield rather high electron mobility [5]. Therefore, they were chosen for further
2see the phase diagram in Appendix A.1
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analyses especially by SEM because there are only intensive TEM/HRTEM studies available
in these compositions mainly focusing on the nanoscale structures [5]. However, in [51] it was
also demonstrated that the secondary phases at micrometer length scales also have a signifi-
cant influence on the TE properties of these materials by changing the chemical composition
in their vicinity. In addition, utilizing the change in solid solubility near the single-phase δ-
AgSbTe2 region boundaries (see the reported Ag2Te-Sb2Te3 phase diagram in [94]), Zhang et
al. [96] have succeeded in synthesizing the in situ composites with Ag2Te or Sb2Te3 embedded
in the AgSbTe2 matrix in Ag-rich AgxSb2−xTe3−x and Sb-rich Ag2−ySbyTe1+y compounds,
respectively.
Following this process, a very low thermal conductivity of about 0.6 Wm−1K−1 was achieved
in Ag0.71Sb1.29Te2 that resulted in high a ZT value of 1.4 due to nanoscale Sb2Te3 precipitates
[96]. However, a microstructural study and its thermoelectric behavior is lacking when this
compound is alloyed with PbTe, thus Ag0.71Pb18Sb1.29Te20 is chosen for this study. SEM and
EDXS analyses were performed on sintered samples except Ag0.46Pb18Sb1.553Te20 which was
only in its as-heat treated condition.
Figure 4.19: SEM images showing the secondary phases for the introduced compositions. For
Ag0.46Pb18Sb1.553Te20 an inset highlights precipitation in the vicinity of the γ-SbTe phase.
SEM analysis reveals that secondary phases have been formed on the microscale during melt
synthesis, with compositions being strongly dependent on the added amount of Ag and Sb.
Fig. 4.19 depicts SEM images highlighting these phases. As described in [75], the appearance
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of the Sb2Te3 phase in Ag-deficient compositions is in accordance with the phase diagram of
the pseudo-binary system Ag2Te-Sb2Te3 [71, 94]. The composition of this secondary phase is
given in Tab. 4.8.
Table 4.5: EDXS results for both matrix and secondary phases.
matrix secondary phases
Ag/Sb ratio Ag/Sb ratio Detected Fsec
stoichiometric by EDXS compositions by EDXS
AgPb18SbTe20 1 0.9±0.4 Ag2Te, Sb <2
Ag0.71Pb18Sb1.29Te20 0.55 0.7±0.2 Sb2Te3 ≈1
Ag0.55Pb18SbTe20 0.55 0.6±0.3 Te, Sb2Te3, AgSbTe2 <1
Ag0.442Pb18SbTe20 0.44 0.9±0.4 Te-rich, Sb2Te3 <1
Ag0.53Pb18Sb1.2Te20 HT02 0.44 0.6±0.2 Te, Sb «1
Ag0.53Pb18Sb1.2Te20 HT01 0.44 1.6±0.6 Sb ≈2
Ag0.46Pb18Sb1.553Te20 0.3 0.5±0.2 Sb2Te3, γ-SbTe -
Ag0.12Pb19.48Sb0.4Te20 0.3 0.6±0.2 δ-SbTe <1
Samples Ag0.71Pb18Sb1.29Te20 (Fig. 4.19 (b)) and Ag0.442Pb18SbTe20 (Fig. 4.19 (d)) show a
rather high porosity although the same sinter parameters were used for all samples. This
is because the sintering process depends strongly on chemical composition, particle shape,
and size which could lead to different volume fraction porosities P. The high porosity of the
above-mentioned samples, qualitatively visualized by SEM, is also confirmed by density mea-
surements were the samples mentioned above revealed a density of only 95% of the theoretical
density after sintering. In [97], a decrease of the elastic moduli with increasing P is observed
in LAST, which means that the material gets softer. Consequently, κ is decreased and can
lead to an improvement of ZT, which was already shown for filled scutterudites [98, 99].
Table 4.6: Nominal and experimental stoichiometric composition and the respective values for vacant
Pb sites.
vacant Pb sites stoichiometry by EDXS vacant Pb sites
AgPb18SbTe20 0 Ag1.2Pb17.4Sb1.1Te20 0.3
Ag0.71Pb18Sb1.29Te20 0 Ag0.8Pb17.5Sb1.2Te20 0.5
Ag0.55Pb18SbTe20 0.45 Ag0.8Pb17.7Sb1.3Te20 0.3
Ag0.442Pb18SbTe20 0.558 Ag0.7Pb17.0Sb0.8Te20 1.5
Ag0.46Pb18Sb1.553Te20 0 Ag0.8Pb16.9Sb1.6Te20 0.7
Ag0.12Pb19.48Sb0.4Te20 0 Ag0.5Pb18.2Sb0.9Te20 0.4
Tab. 4.5 summarizes results obtained by SEM and EDXS. Regarding the secondary phases,
one can recognize that their area fractions Fsec account for less than 2% of the surface area if
the sintering process was carried out. For Ag0.46Pb18Sb1.553Te20, Fsec can not be specified due
to the very inhomogeneous distribution of the secondary phases within the investigated areas.
There is also evidence that for the material with the ratio of the solubility limits (Ag/Sb=0.3)
the γ-SbTe and δ-SbTe phases were detected, respectively [100]. Additionally, the SEM mi-
crograph of Ag0.46Pb18Sb1.553Te20 (Fig. 4.19 (g)) shows precipitation in the vicinity of the
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γ-SbTe phase highlighted by a binarized inset. Compositions of these precipitates could not
be revealed by EDXS due to their small size. Results regarding a TEM sample prepared from
this area are discussed in section 4.2.
Tab. 4.6 compares the initial stoichiometry and the stoichiometry calculated from EDXS at%
values, both presented with their respective, calculated value for vacant Pb sites. The vacant
Pb sites values based on the EDXS values (last row) have to be considered with reservation
due to the equally large measurement errors of the EDXS at% values.
Figure 4.20: At% values for Sb (a) and Ag (b) detected by EDXS analysis of the matrix. The dotted
lines present the solubility limit of single-doped Sb and Ag in PbTe, respectively.
The data in Fig. 4.20 presents the at% values for the Sb and Ag content in the matrix detected
by EDXS (squares denoted with ’exp’) and their nominal values (crosses denoted with ’nom’).
The dotted line indicates the solubility limit of single-doped Sb and Ag in PbTe, respectively
[76]. The Ag content (Fig. 4.20 (b)) exceeds the nominal value for all compositions shown
which supports the suggestion of an increased solubility if Ag and Sb are doped simultaneously
[50].
Another interesting feature to investigate was a possible substructure inside the microscale
phases which could act as a further scattering site or as electron filter enhancing in this way the
Seebeck coefficient [4]. In Ag0.442Pb18SbTe20 (Fig. 4.19 (d)), the main part of the secondary
phases consists of Sb2Te3.
Figure 4.21: SEM images revealing that partly structuring of Sb2Te3 phase in Ag0.442Pb18SbTe20
((a) and (b)) is possibly a surface artifact (c).
In SEM micrographs, two different kinds of this phase could be discerned: one homogeneous
and one with a lamella-like structuring inside (see Fig. 4.21 (a) and (b)) where EDXS quali-
tative elemental map did not reveal any compositional changes for the structured phase.
48
4.1. Characterization on the Microscale
Figure 4.22: Measured and calculated TE quantities.
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A FIB cross section uncovered parts of the secondary phase below the surface and revealed
a homogeneous phase (Fig. 4.21 (c)). This finding suggests that the surficial structuring is
possibly an artifact due to the sintering process [101] and not a characteristic of the Sb2Te3
phase itself.
All results of the TE measurements shown in Fig. 4.22 were made with sintered pellets,
the composition Ag0.53Pb18Sb1.2Te20 was not considered in this context. For the electronic
properties, a dominant acoustic phonon scattering mechanism was implied due to decreas-
ing charge-carrier mobility with increasing charge-carrier density [93]. Furthermore, electrical
conductivity measurements showed degenerated semiconducting behaviour for the stoichio-
metric Ag/Sb ratio of 0.3 and extrinsic behaviour (typical for lightly doped semiconductors)
for other Ag/Sb ratios (see Fig. 4.22 (a)). Showing the best electrical conductivity values,
samples Ag0.46Pb18Sb1.553Te20 and Ag0.12Pb19.48Sb0.4Te20 also exhibited the highest thermal
conductivity (Fig. 4.22 (d)) implying a significant contribution from electrons in heat transfer.
However, it is not possible to directly link electrical properties with the content of Ag and Sb
and its ratio, respectively. Ag is also reported to go on interstitial sites where it can diffuse
more easily e.g. during annealing processes [102, 103]. This would induce an altering of the
electronic structure as Ag can both act as an n-dopant (interstitial site) and a p-dopant (Pb
site). In Fig. 4.22 (d), the total thermal conductivity κtot is plotted as a function of the
operating temperature. The porous sample Ag0.442Pb18SbTe20 exhibits the best κtot values as
there seems to be the favorable contributions from porosity, Ag and Sb content, and density
of vacant Pb sites (Tab. 4.6).
In [4], Faleev et al. find that for high doping, the electronic part of the thermal conductivity
dominates and for light doping, the lattice part κL mainly contributes to κtot. This correlates
with Fig. 4.22 (e) where the κL is plotted over operating temperature. While for the Ag/Sb
ratio=0.3, thermal conductivity through electrons is dominant, the values of κtot and κL are
nearly the same for samples with Ag/Sb ratio > 0.3. By comparing σ values [93] and κtot
values of Ag0.442Pb18SbTe20 and AgPb18SbTe20, one recognizes similar values for σ whereas
κtot differs considerably which supports the latter assumption.
Despite the increased probability for bipolar transport behavior, vacant Pb sites - in accor-
dance with the stoichiometric composition (Tab. 4.6) - seem to have a positive impact on
reducing thermal conductivity. The different behavior of σ for lightly and heavily doped
LAST mentioned above consequently results in different characteristics of ZT with operat-
ing temperature (Fig. 4.22 (f)). The unexpected curvature showing two maxima of the ZT
graph attributed to Ag0.442Pb18SbTe20 can be partially explained on the one hand with the
behavior of σ which follows a similar trend and shows a maximum around 150◦C. The almost
constantly increasing Seebeck coefficient for this composition shifts the position of this max-
imum to higher temperatures and gives rise to a renewed increase for elevated temperatures
(Fig. 4.22 (b)). The reduced Seebeck coefficient due to the minority carrier hole conducting
above 350◦C results in low ZT values at elevated temperatures for Ag0.71Pb18Sb1.29Te20 and
Ag0.55Pb18SbTe20 as shown in the graph. ZT values of 1.1 are reached for Ag0.442Pb18SbTe20
and Ag0.12Pb19.48Sb0.4Te20.
This shows that improving electronic properties in the case of Ag0.12Pb19.48Sb0.4Te20 or fur-
ther decreasing of κ in the case of Ag0.442Pb18SbTe20 does not have to be accompanied by a
drop of the respective other quantity and can lead to reasonable ZT values.
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4.1.5 Synthesis of Secondary Phases
As mentioned above, syntheses of dominant secondary phases were accomplished to get a better
understanding of the formation mechanism of the secondary phases. Appropriately weighed
portions of Ag, PbTe, Sb, and Te were loaded into a quartz ampoule, prior to evacuation
and sealing. The ampoule was heated to 1050◦C in 1 h, kept in the rocking furnace for 2 h,
and subsequently quenched in cold water. Fig. 4.23 depicts SEM micrographs of synthesized
phases 6 (Fig. 4.23 (a)) and 2 (Fig. 4.23 (b)) together with the corresponding qualitative
EDXS mappings.
Figure 4.23: (a) Sythesized phase 6: next to phase 6 also a Sb-rich phase shows up (phase 12). (b)
Instead of intended phase 2, a Pb-rich phase (phase 10) is detected among others.
Table 4.7: Nominal compositions of the sythesized phases and phases actually detected by EDXS.
synthesized Ag Sb Te Pb detected phases by EDXS
phase no. at% at% at% at%
1 6.2 31.9 56.2 5.7 Sb-rich 12
2 20.8 5.1 69.8 4.2 Ag-/Te-rich 4,6,10
5 13.7 17.8 62.6 5.9 Ag-/Sb-/Te-rich 2,8,14
6 15.3 23.7 50.7 10.3 close to AgSbTe2 6,12
10 4.2 7 49.5 39.3 close to LAST-6 matrix,10
In addition, Table 4.7 gives an overview of the originally intended phases (fractions of ele-
ments of the respective phase which were needed as initial powder weights in at%) and the
compositions which were eventually detected by EDXS. Together with differential scanning
calorimetry (DSC), melting and crystallization temperature should be investigated to specify
formation time and temperature during the LAST synthesis. A further aspect concerned the
determination of the actual stoichiometric composition of the secondary phases. By measur-
ing the composition of the secondary phases on the bulk material, one can not always assure
that the information volume lies completely within the secondary phase. Table 4.7 and the
SEM micrographs in Fig. 4.23 point out that no synthesized phase could be obtained pure
and homogeneous, i.e. single-phased. All systems seemed to have decomposed into at least
two different compositions. Tab. 4.7 shows that only for phase no. 6 and 10 the pursued
composition was amongst the detected ones.
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The DSC measurements confirm the formation of multi-component systems by showing more
than one peak on the heating or cooling path, respectively. Additional endo- and exothermic
peaks can be related to the generated phases which were not primarily intended. Fig. 4.24
shows the DSC curves for phases no. 1 and 6. For instance, in the sample with the composi-
tion of intended phase no. 1, phases no. 12 was detected, which has an Sb-Te ratio within the
δ-SbTe phase (Tab. 4.7). This matches with the exothermic peaks at 543◦C (transition from
the M+S state to the δ-SbTe in the Sb-Te binary phase diagram3 and at 567◦C in Fig. 4.24 (a).
The main peaks in Fig. 4.24 (b) can be related to phase no. 6. The findings demonstrate the
complexity of the quaternary phase diagram.
Figure 4.24: Heating and cooling paths of DSC measurements depicting endo- and exothermic peaks
corresponding to transition points of various secondary phases which were also detected by EDXS. (a)
phase no. 1. (b) phase no. 6.
4.1.6 Correlation between Secondary Phase Segregation and Solidification
Processes in LAST
To summarize, Tab. 4.8 presents all secondary phases found on the microscale for the various
synthesis series described above. Fig. 4.25 (a) displays a Gibbs composition triangle where the
edges are presented by the pseudo-binary phase diagrams of PbTe-Sb2Te3, Sb2Te3-Ag2Te and
Ag2Te-PbTe, respectively. In this way, the 2-dimensional projection of the horizontal slices
through the 3-dimensional liquidus surfaces and of the eutectic lines can be visualized (blue
and red dotted lines, respectively).
By adding Gibbs compositions triangles exhibiting a Te-rich corner, all found compositions
except the ones excessive in Sb (phase no. 11, 12 and 14) can be represented. This construc-
tion based on a suggestion by J. Dadda (group “Thermoelectric functional materials”, DLR
Cologne) [104] is shown in Fig. 4.26 where the different solidification paths based on melt-
ing temperatures (Tm), eutectic (E) and eutectoid (Ed) points as well as detected secondary
phases (grey discs with numbers) are shown. It can be noted that next to the paths I and
III (formation of the Sb2Te3 and Ag2Te tellurides), path II is following the 2PbTe-AgSbTe2
intersection.
The splitting into phases no. 6 and no. 10 (close to LAST-6) which are both positioned on the
2PbTe-Ag0.9Sb1.1Te2.1 intersection was observed for several cases and seems to confirm the
existence of a miscibility gap in the 2PbTe-AgSbTe2 quasi-binary phase diagram as predicted
by several researchers, e.g. [50]. They are both marking the gap boundaries. Fig. 4.27 shows
3see the Sb-Te phase diagram in Appendix A.1
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Table 4.8: Detected secondary phases by SEM EDXS.
phase no. Ag Pb Sb Te
at% at% at% at%
1 6.5 5.2 32.2 56.0 Sb-rich
2 20.4 4.7 4.9 69.9 Ag-/Te-rich
3 0.6 1.1 1.9 96.4 close to pure Te
4 60.0 0.4 0.4 39.2 close to Ag3Te5
5 13.9 5.4 17.8 62.9 Ag-/Sb-/Te-rich
6 18.1 9.4 21.9 50.6 close to AgSbTe2
7 6.4 3.1 8.2 82.3 Te-rich
8 15.1 15.1 19.3 50.5 Ag-/Sb-rich (close to LAST-1)
9 1.9 48 1.4 48.7 Pb-enriched matrix
10 5.3 36.9 6.7 51 Ag- and Sb-enriched matrix (close to LAST-6)
11 0.4 1.2 95.8 2.6 close to pure Sb
12 11.7 4.8 51.3 32.2 δ-SbTe
13 11.0 25.6 15.0 48.4 Ag-/Sb-rich (close to LAST-2)
14 8.3 8.9 39.0 43.8 γ-SbTe
15 65 1 0.8 33.2 Ag2Te
16 0.6 2.1 38.6 58.7 Sb2Te3
Figure 4.25: (a) Gibbs composition triangle presenting the 2-dimensional projection of the pseudo-
binary phase diagrams at the edges. The pseudo-binary phase diagrams are shown in accurate pro-
portion in Appendix A.1. (b) Schematic PbTe-AgTe0.5-SbTe1.5-Te tetrahedron showing the possible
existence of an eutectic point which would be responsible for the separation in Te and tellurides during
solidification.
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Figure 4.26: Construction of three Gibbs composition triangles to visualize solidification paths based
on known eutectic and eutectoid points as well as on the detected secondary phases.
Figure 4.27: Schematic pseudo-binary phase diagram of 2PbTe-AgSbTe2 positioned on the discussed
Gibbs composition triangle. The possible position of the miscibility gap (red line) is added in such a
way that the gap boundaries are intersecting the 2PbTe-Ag0.9Sb1.1Te2.1 intersection.
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the possible position of this gap as suggested by J. Dadda where the Ag-rich end of the gap
boundary is shifted from the 2PbTe-AgSbTe2 intersection to a virtual 2PbTe-Ag0.9Sb1.1Te2.1
intersection. The composition equals the Ag-rich side of the single phase δ-AgSbTe2 in the
pseudo-binary Ag2Te-Sb2Te3 phase diagram [71, 94].
A forth solidification path IV is recognizable when taking the Te-rich compositions into ac-
count (Fig. 4.26). Thereby the formation of phases no. 2 and 5 suggest a possible eutectic
point in the PbTe-AgTe0.5-SbTe1.5-Te tetrahedron, as depicted in Fig. 4.25 (b).
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4.2 Characterization on the Nanometer Scale
After discussing phase formation on the microscale, results of the analyses on the nm scale will
be presented. Depending on the magnification and analytic possibilities needed, appropriate
transmission electron microscopes were employed. Captions concerning TEM micrographs
will indicate the device used as well as relevant parameters.
4.2.1 Slow-Cooled and Quenched LAST
As explained in subsection 3.2.2, TEM lamellae were prepared via FIB machining. First
attempts demonstrated the preparative accuracy needed to be aware of when doing final
thinning steps.
Figure 4.28: TEM images showing three different magnification of a TEM sample obtained from
R-1h-wq. The upper row shows the sample before and the lower row after additional Ar+ thinning
with the ion mill. Hitachi-8100 (LaB6 source, 200 kV, point-to-point resolution (p-t-p res.) 0.23 nm).
In Fig. 4.28, three different magnifications before and after a final thinning step with Ar+ ions
of the sample R-1h-wq in the ion mill are depicted. Thus the network-like structure in the
upper row presents an artifact due to Ga+ ion bombardment during sample preparation (see
experimental procedures in subsection 3.2.2). The lower row shows the sample after Ar+ ion
broad-beam thinning. For the lowest magnification, the bending/twisting contrast due to the
large strain in the sample is apparent. After thinning with Ar+ ions there are still features
present which can be identified presumably as dislocations. An additional thinning step with
Ga+ ions was introduced using the so-called low kV mode (5 kV accelerating voltage) after
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high kV Ga+ milling but before Ar+ polishing, significantly reducing implantation artifacts
[54].
Figure 4.29: (a) TEM sample from 25h-slow possibly showing remaining artifacts due to the FIB
procedure in an otherwise homogeneous matrix. (b) TEM sample prepared out of the matrix of
72h-slow revealing evenly distributed nanoinclusions.(c) EDXS in STEM mode detected the Ag-rich
character of these nano precipitates. Hitachi-8100 (LaB6 source, 200 kV, p-t-p res. 0.23 nm, Noran
NSS EDX spectrometer (∆E=138 eV)).
As mentioned above, sample 72h-slow seemed to be a good candidate containing nanos-
tructures, ideally Ag-rich inclusions. Fig. 4.29 shows TEM micrographs giving an overview
over TEM samples obtained from 72h-slow and 25h-slow. In the TEM sample 25h-slow,
no inclusions were observed except features which could be remainders from sample prepa-
ration (Fig. 4.29 (a)). Evenly distributed nanoscaled inclusions can be recognized clearly
(Fig. 4.29 (b)). EDXS analysis in STEM mode showed an increase in Ag for such particles
(Fig. 4.29 (c)).
To study the inclusions further, the sample was investigated by HRTEM. HRTEM micro-
graphs revealed an at least partly crystalline character of these inclusions (Fig. 4.30 (a) and
Fig. 4.30 (b)). The white frame in Fig. 4.30 (a) indicates an area where only the lattice planes
of the matrix can be seen, indicating an amorphous part in the particle [105]. To resolve the
chemism of these inclusions, additional analysis was done by scanning an aberration-corrected
probe (HRSTEM) of less than 0.1 nm diameter over the same sample. The incoherent, high-
angle part of the signal was recorded by a high-angle annular dark-field (HAADF) detector,
in this way obtaining Z-contrast images. Since the contrast is mainly due to channeling,
amorphous areas could be more easily distinguished from crystalline areas.
Fig. 4.31 (a) shows such an Z-contrast image of a precipitate. In Fig. 4.31 (b) one can see the
fourier-filtered, false-colored version of the particle with enclosing crystalline parts (red) within
the matrix (green). Fig. 4.31 (c) indicates the corresponding spots in the power spectra with
colored rings. The dark, amorphous core was identified to be Te-rich by STEM EDXS. An
EDXS line scan across the particle proves the increase of Ag inside the particle (Fig. 4.31 (g))
and by subtracting the PbTe matrix one sees an increase both in Ag and Te (Fig. 4.31 (h)).
By evaluating the power spectra of the crystalline shell, the crystal structure was identified
to be monoclinic Ag2Te [71]4. The magnified insets A and B in Fig. 4.31 (a) indicate the
orientation relationship where [1̄10] Ag2Te // <1̄10> PbTe and (001) Ag2Te // 111 PbTe
4see crystalline structure in Appendix A.1
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Figure 4.30: HRTEM images from 72h-slow HRTEM revealing the bulky (a) and rod-/plate-like
shape (b) of Ag-rich inclusions. Jeol JEM 4010 (FEG source, 400 kV, p-t-p res. 0.155 nm).
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Figure 4.31: (a) Probe-corrected HRSTEM imaging revealed the faceted shape of a particle, which
consists of a crystalline shell and an amorphous core. The fourier-filtered, off-colored version (b)
correlates shell and matrix with the spots in the power spectra (c). The magnified insets A and B
reveal the orientation relationship between g2Te and matrix ((d) and (e)). The EDXS line scan in (f)
confirms the increase of Ag and Te inside the particle ((g) and (h)). FEI TITAN 80-300 (FEG source,
300 kV, p-t-p res. 0.08 nm, probe-corrected, EDAX EDX spectrometer (∆E=130 eV)).
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(Fig. 4.31 (d), inset A) as well as [001] Ag2Te // <1̄10> PbTe and (100) Ag2Te // 100 PbTe
(Fig. 4.31 (e), inset B). Here the orientation was determined by analyzing the power spectrum
of the respective area.
Figure 4.32: TEM images from R-1h-wq and R-1h-oq showed very small features of about 5 nm
((a) and (b)). However, further HRTEM investigation on R-1h-oq could not reveal any irregularity
in the matrix lattice ((c) and (d)). (a),(b): Hitachi-8100 (LaB6 source, 200 kV, p-t-p res. 0.23 nm,
Noran NSS EDX spectrometer (∆E=138 eV)). (c): Jeol JEM 4010 (FEG source, 400 kV, p-t-p res.
0.155 nm). (d): FEI TITAN 80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, probe-corrected, EDAX
EDX spectrometer (∆E=130 eV)).
Figure 4.33: TEM micrographs from a lamella prepared from the matrix of sample R-1h-w-600.
Inhomogeneities turned out to be dislocation or artifacts from sample preparation, respectively con-
firmed by EDXS (a). (b) shows amongst others a line of dislocations. Hitachi-8100 (LaB6 source,
200 kV, p-t-p res. 0.23 nm, Noran NSS EDX spectrometer (∆E=130 eV)).
As mentioned in the previous section, TEM investigation was done on R-1h-oq and R-1h-wq
where no significant difference on the microscale was observed. TE properties were different
in relation to the quenching media, therefore TEM investigation was performed. The TEM
micrographs in Fig. 4.32 show that R-1h-oq is more homogeneous on the nm scale but both
samples show very small inhomogeneities of about 5 nm (Fig. 4.32 (a) and Fig. 4.32 (b)).
However, further investigation with HRTEM and HRSTEM did not show any impurity-phase
inclusions (Fig. 4.32 (c) and Fig. 4.32 (d)). This indicates that the observed inhomogeneities
are in fact only dislocations. From the series which dealt with the variation of annealing
treatment, sample R-1h-w-600 was chosen for TEM analysis. The appearance of only one
kind of impurity phase on the microscale was a reason to believe that also in the matrix
some kind of equilibrium state might have been reached on the nm scale. Fig. 4.33 reveals
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that no inclusions were detected on the nm scale whereas inhomogeneities turned out to be
dislocations (no change in composition was detected by EDXS (Fig. 4.33 (a)).
4.2.2 Relationship between Tann and Nanometer Features
The majority of the TEM investigation dealt with the gradient annealing experiment. To get
a first impression, three TEM samples were obtained from bulk samples which were correlated
to a low Tann=238◦C, to a medium Tann=505◦C (the annealing temperature which revealed
the best ZT value), and to a high Tann=580◦C. For Tann=238◦C and Tann=580◦C additional
samples were investigated which focused on the interface region between microscale secondary
phase and matrix.
Figure 4.34: TEM and HRTEM micrographs, respectively of lamllae correlated to Tann=238◦C ((a)
and (b)), Tann=505◦C ((c), (d) and (e)) and Tann=238◦C ((f) and (g)). (a)-(c),(f): Hitachi-8100
(LaB6 source, 200 kV, p-t-p res. 0.23 nm). (d): FEI Tecnai TF20 (FEG source, 200 kV, p-t-p res.
0.27 nm). (e),(g): Jeol JEM 4010 (FEG source, 400 kV, p-t-p res. 0.155 nm).
Fig. 4.34 shows typical areas of the lamellae. In the TEM sample correlated to Tann=238◦C,
Ag2Te inclusion could be identified and confirmed by STEM EDXS, resembling in shape the
bulky, faceted precipitates in 72h-slow (Fig. 4.34 (a) and Fig. 4.34 (b)).
For Tann=505◦C (Fig. 4.34 (c) and Fig. 4.34 (d)), plate- or needle-like, Ag-rich precipitates
were found. HRTEM analysis of these elongated features showed various orientation domains
in the same precipitate (see Fig. 4.34 (e)) but the spots in the power spectra of these features
could not be correlated to any stoichiometric Ag-Te-composition.
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Figure 4.35: (a) HAADF micrograph showing an elongated inclusion. EDXS maps of Te (b), Ag (c),
Pb (d) and Ga (e) depict the qualitative distribution within the matrix and the inclusion. While the
Ag and Te content in the inclusion is increased, no Pb and Ga can be recognized. FEI TITAN 80-300
(FEG source, 300 kV, p-t-p res. 0.08 nm, image-corrected, FEI SuperX detector (∆E=130 eV)).
Figure 4.36: SEM and TEM images from the interface region of matrix and microscale inclusion
correlated to Tann=238◦C ((a) to (d)) and Tann=580◦C ((e) to (g)). (c),(d),(g): Hitachi-8100 (LaB6
source, 200 kV, p-t-p res. 0.23 nm). Inset in (d): FEI CM200 (FEG source, 200 kV, p-t-p res.
0.24 nm).
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Fig. 4.35 shows a HAADF image (Fig. 4.35 (a)) and the elemental EDXS maps (Fig. 4.35 (b)-
(e)) of such an inclusion, illustrating the enriched Ag and Te content within the inclusion.
The elemental map of Sb is not depicted as its signal was very low and no qualitative change
in signal was recognized. Instead, an elemental map of Ga (Fig. 4.35 (e)) reveals the imple-
mentation in the matrix to a certain degree during the preparation process. It shows also that
the inclusions are not affected during the thinning process.
The sample correlated to Tann=580◦C showed no inclusions in conventional TEM (Fig. 4.34 (f)),
however in HRTEM some isolated, very small features were observed (Fig. 4.34 (g)). The TEM
samples which included the transition region between microscale inclusion and matrix showed
a similar picture.
The SEM image in Fig. 4.36 (a) depicts the lift-out region in the sample correlated to
Tann=238◦C. The FIB lamella overview in Fig. 4.36 (b) shows clearly the microscale phases Sb
and Ag2Te. Thereby the domain-like structure characteristic of monoclinic Ag2Te [72] can be
seen nicely, both evident on the microscale and the nm scale (Fig. 4.36 (c) and Fig. 4.36 (d)).
The TEM sample correlated to Tann=580◦C was also prepared from a site with microscale
Sb inclusions (Fig. 4.36 (e)). But except of differently orientated matrix grains, no relevant
features were detected (Fig. 4.36 (f) and white-framed inset magnified in Fig. 4.36 (g)). These
observations correlate with the increasing solubility of Sb with increasing Tann: also on the
nm scale the fraction of the impurity phases seems to decrease with increasing Tann. Fur-
ther analyses of TEM samples (not shown) from other annealing temperatures support these
observations.
Figure 4.37: STEM images depicting nearly the whole TEM sample area show qualitatively the
decrease of nanoscaled inclusions with Tann ((a) to (c)). The graph in (d) plots Fsec of the inclusions
over Tann. FEI TITAN 80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, probe-corrected).
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In Fig. 4.37, Z-contrast images done by aberration-corrected HRSTEM depict almost the
whole TEM sample for Tann=238◦C, 410◦C and 505◦C. The Ag- and Sb-rich inclusions appear
darker due to their weaker scatter potential. The evaluation of the area fraction Fsec done by
binarizing the images is shown in the graph in Fig 4.37 (d).
The dotted line in Fig. 4.37 (d) assumes the lack or an extremely low percentage of nanoscaled
inclusions for Tann=580◦C. A sample correlated to Tann=525◦C shows only isolated, very small
Ag2Te inclusions. Additionally, this sample shows another peculiarity.
Figure 4.38: Characterization of a microscale Sb inclusion in a sample correlated to Tann=525◦C.
A site for lift-out was chosen in such a way that the lamella would include Sb inclusions (a). First
investigations confirmed the drop-like shape typically for an eutectic precipitation and a lamella-like
structure inside the impurity phase (b). The magnified inset (c) and the corresponding diffraction
patterns from inside one domain (A) and a domain interface (B), respectively, confirmed metallic,
tetragonal Sb. The diffraction pattern show a slight twist of some degree between two neighboring
domains ((d) and (e)). (b): FEI Tecnai TF20 (FEG source, 200 kV, p-t-p res. 0.27 nm). (c)-(e):
FEI CM200 (FEG source, 200 kV, p-t-p res. 0.24 nm).
Because it was prepared from an area where both matrix and microscale Sb were present,
the structure of the Sb phase could be observed. A domain-like structure was found where
neighboring domains differed only slightly in orientation (Fig. 4.38 (d) and Fig. 4.38 (e)).
EDXS measurements in STEM mode and the evaluation of the diffraction patterns confirmed
the inclusion to be metallic, tetragonal Sb5. However, this case was observed only once and
should not be generalized for the Sb µm-inclusions, nonetheless the additional structuring
can serve as scatter sites. On the Ag2Te inclusions the quantitative and qualitative possi-
bilities of EELS and EFTEM were explored. Fig. 4.39 (a) shows a zero-loss image of Ag2Te
precipitate and the Ag-distribution inside the precipitate visualized by an EFTEM Ag-map
(Ag-M edge) for Tann=360◦C. The map highlights the faceted shape and the even distribution
of Ag. However, for considerably smaller inclusions, or for detection of inclusions which are
not easy to spot in brightfield mode, this technique can not considered to be the method
of choice due to drift, lacking spatial resolution [106], and the not ideal EELS-edges of Ag
[107]. Even with drift-corrected STEM, a quantitative analysis was almost impossible due
to the aforementioned rather unfavorable EELS features. Yet an EELS-line scan across an
Ag-rich inclusion (Fig. 4.39 (c)) reveals again a faceted shape, this time documented by the
5see crystalline structure in Appendix A.1
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Figure 4.39: (a) Zero-loss image of Ag2Te precipitate and corresponding EFTEM Ag-map (Ag-M
edge). (b) Z-contrast image showing dislocation loops (circled red) which could act as diffusion pipes.
The EELS line scan across a Ag-rich inclusion (c) permits only rough elemental quantification (d)
but contributes to the qualitative shape analysis of the particle (e). (a): FEI CM200 (FEG source,
200 kV, p-t-p res. 0.24 nm, Gatan GIF 200). (b),(c): Nion UltraSTEM 100 (FEG source, 100 kV,
STEM res. 0.08 nm, Gatan Enfina spectrometer)
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linear increase in intensity I of the HAADF signal (illustrated by black lines in Fig. 4.39 (e))
which again in first-order approximation is proportional to the precipitate thickness or sample
thickness, respectively [108]. Here, the evaluation of the EELS spectra can only serve as a
rough quantification method (Fig. 4.39 (d)).
As mentioned in section 2.1 and worked out in [51], even these rather large precipitates (dimen-
sions well above 100 nm) are able to contribute to phonon scattering. The faceted shape and
the mentioned orientation relationships with the matrix suggest a semi-coherent growth mech-
anism [16] whose solid-state nucleation is usually bound to nucleation sites like dislocations or
grain boundaries. Here, dislocations could act as diffusion pipes for the Ag atoms in the case
of Ag2Te. Dislocation loops appearing in a Z-contrast images (circled red in Fig. 4.39 (b))
strengthen this assumption.
In Fig. 4.34 (d), the strain fields described in section 2.1 in the matrix can be nicely seen.
Monoclinic Ag2Te were also detected by Lensch-Falk et al. in (Ag2Te)0.05(PbTe)0.95 [73]. For
very small inclusions, a lenticular shape is preferred energetically , limiting the formation of
misfit dislocations if the interfacial energy depends anisotropically on the local orientation of
the interface. Lensch-Falk et al. further state that for sufficiently larger precipitates (which
would address the Ag2Te inclusions detected in this study), forming misfit dislocations is
energetically favorable: semi-coherent interfaces are created and the precipitate is evolving to-
wards a more equiaxed shape. The latter is in accordance with the results in this investigation
regarding Ag2Te precipitates. The Ag-rich, elongated precipitates detected for Tann=505◦C,
could also be plate-like precipitates, which are found typically in an anisotropic matrix or if
the elastic moduli of the matrix is smaller than the one of the precipitate, i.e. the precipiate
is “softer” than the matrix [109]. This type also includes the observed Sb2Te3 Widmanstätten
plates in Ag-deficient LAST which are of particularly interest due to their morphology and are
discussed further below [95]. From the presented results, it can be assumed that for elevated
Tann=580◦C no impurity phase inclusions with a defined interface are present. This observa-
tion matches with the increase in κL for elevated Tann (Fig. 4.13 (e)) as well as with X-ray
diffraction (XRD) analysis regarding the lattice constant accomplished by P. Bauer Pereira et
al. [110].
Figure 4.40: Lattice parameter evaluated by XRD plotted over Tann. The behavior can be correlated
both to the increasing Sb solubility with increasing Tann and to the presence of nanoscaled inclusions.
Adapted from [110].
They found that the lattice constant decreases with increasing Tann but increases again for
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Tann=580◦C (see Fig. 4.40). The decreasing part of the curve in Fig. 4.40 can be explained
as follows: with increasing Tann more Sb is incorporated into the lattice due to the increasing
solubility of Sb. As Sb has a smaller ionic radius in comparison to Pb (Tab. 4.9) the lattice
constant is decreased.
Table 4.9: Ionic radius rion of Pb, Te, Ag, and Sb [111].
Pb2+ Te2− Ag+ Sb3+
rion [pm] 132 211 113 90
This behavior was also detected if the Sb content in the starting materials is decreased system-
atically [76]. The change in the lattice constant is also affected by the presence of nanoscaled
inclusions creating lattice strain as the XRD gives integral values only. The absence of these
inclusion should also have an impact on the lattice parameter, in the case of Tann=580◦C an
increase is observed.
Figure 4.41: TEM micrographs showing Moiré pattern in the matrix for various Tann and orienta-
tions, (a) and (d)-(f). (b) and (c) tries to match appearing fringe spacings with LAST diffraction spots
(red) and superstructural spots (yellow), respectively. (a)-(c): Hitachi-8100 (LaB6 source, 200 kV,
p-t-p res. 0.23 nm). (d): Nion UltraSTEM 100 (FEG source, 100 kV, STEM res. 0.08 nm). (e):
FEI Tecnai G2 F20 (FEG source, 200 kV, p-t-p res. 0.24 nm). (f) FEI TITAN 80-300 (FEG source,
300 kV, STEM res. 0.08 nm, probe-corrected).
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Apart from the nanoscaled impurity phases, TEM analyses revealed some other distinctive
features within the matrix. One kind of them were ∼5 nm sized Moiré pattern. Fig. 4.41
depicts exemplary areas where the pattern were spotted. The same kind of feature were also
detected by other groups (see for example [87, 112]) and were proposed to be correlated to
compositional fluctuation of the matrix. Fig. 4.41 (b) and Fig. 4.41 (c) show the attempt
to correlate the fringe spacing to additional spots in the diffraction pattern of the matrix.
Whereas fringe spacing d1 can be correlated to 111 diffraction spots, d2 can be correlated to
the extra spots (yellow in Fig. 4.41 (c)). Therefore the Moiré pattern could actually account
for the strain in the matrix due to incorporation of Ag and Sb. But in this way a dependence
on Tann should be seen because the Sb content in the matrix increases with increasing Tann.
Figure 4.42: By tilting out of the <110> matrix orientation (a), aberration-corrected HRTEM
micrographs show a transition from Moiré pattern to point-shaped inhomogeneities (c). FEI TITAN
80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, image-corrected).
Figure 4.43: TEM images showing nanocrytals in the LAST matrix for different Tann. FEI TITAN
80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, image-corrected).
By tilting a TEM sample attributed to Tann=238◦C slightly out of the <110> orientation, the
Moiré patterning near a precipitate is fading and point-shaped inhomogeneities are revealed
(Fig. 4.42) instead. Whether they are actually part of the LAST material, i.e. a bulk property,
or artifacts due to FIB preparation, can not be clarified satisfactorily. Although the sample
preparation was done with extremely care in this particular case (low-kV Ga+-polishing, Ar+-
polishing and plasma cleaning), one seem not to be able to prevent implantation effects entirely.
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The solubility limit of Ga in PbTe films is estimated in [113] to be less than 0.0055 mole
fraction, i.e. < 0.5%. The authors explained this finding with the non-monotone function of
the PbTe lattice parameter in dependence on the concentration of Ga atoms. In general, the
lattice parameter is decreased with the doping of Ga atoms as both the atomic and cationic
radius of Ga are smaller than those of Pb [111]. Depending on the concentration ratio between
Ga and Pb and the content of Te atoms, Ga is either placed in cation sites and/or in interstitials
[113, 114].
Other prominent features were nanoclusters, i.e. nanosized areas where the orientation is
slightly changed with respect to the matrix orientation. Such areas were also found elsewhere
[81, 87, 112, 115] and identified there as nanoparticles.
Fig. 4.43 (a)-(c) shows nanoclusters in the matrix for different orientations and Tann. In the
publications mentioned above, these endotaxial embedded inhomogeneities are classified by at
least four lattice types of lower symmetry (in comparison to the simple cubic structure) which
are rich in Ag and Sb.
Figure 4.44: TEM images showing different looking nanosized features in a lamella prepared from
PbTe. Features in (b) and (c) look especially similar to those detected in LAST. (a),(b): FEI CM200
(FEG source, 200 kV, p-t-p res. 0.24 nm). (c),(d): FEI TITAN 80-300 (FEG source, 300 kV, p-t-p
res. 0.08 nm, image-corrected).
However, HAADF images of these clusters could not reveal any Ag- or Sb-enrichment and
it can be questioned whether or not these areas might be part of thinning effects (Ga im-
plantation, amorphization) or electron beam damage [116, 117]. No correlation between the
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occurrence of these areas and Tann could be found. During HRTEM analysis recrystallization
under the electron beam of semi-amorphous edge areas of the TEM samples was observed
which looked very similar to the ones previously described.
Moreover, the matrix of pure PbTe showed very similar areas (see Fig.4.44 (c)). There-
fore, it can be doubted that the strained areas are entirely due to compositional fluctuations
(nanoscopic areas rich in Ag and Sb as suggested in [80, 112, 118]) but more a feature of the
PbTe matrix itself.
It is clear that the addition of impurity atoms has a positive impact on decreasing the thermal
conductivity, merely because of the raised degree of mass fluctuation (compare for instance
substitution of Sb and Bi in AgxPb18Te20 in [87]). Nonetheless, PbTe possesses already vari-
ous kinds of nanofeatures.
Fig. 4.44 (d) for instance shows a disc-like feature on the {100} plane. Similar features were
found in PbTe and Te-enriched PbTe by [119] and denoted as Pb-depleted discs. The au-
thors suggest that it is possible that some alloying elements preferentially aggregate in the
Pb-depleted disk regions and therefore form nanoinclusions in the PbTe matrix more easily.
Also in Pb-enriched PbTe very similar discs were found, in this case Pb-enriched ones [49].
In general, the lattice dynamics in PbTe seems to be of a special kind as described in sub-
section 2.2.2: due to the special bonding characteristic (covalency coexits with ionicity [120])
in the close vicinity of ferroelectric instability, abnormally large-amplitude thermal vibrations
are produced but PbTe remains dynamically stable [39]. Maybe this makes the material par-
ticularly susceptible during sample preparation (Ga+ beam damage) and analysis (electron
beam damage).
Upon Ag and Sb doping, the bonding characteristic is altered, seemingly in a way that some
additional phonon frequencies are disturbed and the lattice thermal conductivity is further
decreased.
4.2.3 Non-Stoichiometric LAST
In Ag0.46Pb18Sb1.553Te20, an area was analyzed where nanoscaled precipitation was spotted by
SEM. A TEM lamella was cut out of this region and analyzed by HRTEM. Diffraction pattern
and EDXS reveal plate-shaped, heavily modulated/twinned Sb2Te3 structures possessing two
orientation relationships with respect to the matrix. Fig. 4.45 (a) shows exemplarily the
orientation relationship where <112̄0> Sb2Te3 // <110> PbTe and (0001) Sb2Te3 // 111
PbTe.
Insets in the close-up (Fig. 4.45 (b)) show the diffraction pattern of the matrix and the pre-
cipitate. These so-called Widmannstätten precipitates have a thickness of roughly 50 nm
and have been reported elsewhere [19, 121] to indicate step nucleation as growth mechanism.
These semi-coherent internal interfaces are of particular interest as they provide potential
sites for phonon scattering. The nanometer-scale roughness of the interface seems to be tied
to the kinetics of the step nucleation and motion as well as to the interfacial misfit between
the rocksalt and tetradymite structure [19].
Another Ag-deficient sample, which was chosen to get analyzed further by TEM, was
Ag0.442Pb18SbTe20 where TE measurements revealed an extraordinary low thermal conduc-
tivity. As mentioned above, this can be partly attributed to the high porosity of the sintered
sample and the rather high fraction of vacant Pb sites. Fig. 4.46 (a) depicts part of the
TEM sample which was prepared from the matrix of the bulk material. It shows small in-
homogeneities of about 5 nm which are correlated to the <100> direction and which present
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Figure 4.45: TEM micrographs from a lamella prepared from a site with nanoscaled inclusions
already detected by SEM in Ag0.46Pb18Sb1.553Te20. (b) depicts the magnified inset from (a). The
diffraction patterns illustrate the orientation relationship between matrix and Sb2Te3 Widmanstätten
plates. FEI Tecnai G2 F20 (FEG source, 200 kV, p-t-p res. 0.24 nm).
Figure 4.46: TEM micrographs from Ag0.442Pb18SbTe20. The detected inhomogeneities contribute
further to the lowering of κ ((a) and (b)) but can not be assigned to a Ag- or Sb-rich composition (c).
FEI TITAN 80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, image-corrected, FEI SuperX detector
(∆E=130 kV)).
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another reason for the low thermal conductivity. Further magnification reveals their endotax-
ial embedding (Fig. 4.46 (b)). Although the HAADF-image in Fig. 4.46 (c) suggests elemental
fluctuations in the matrix, EDXS mapping can not assign the Z-contrast to Ag- or Sb-rich
regions.
4.2.4 Ag and Sb as Point Defects
As mentioned in subsection 2.2.2, Ag and Sb point defects and clusters of them can influence
thermal conductivity indirectly due to the accompanying lattice strain of the surrounding ma-
trix. The attempt to visualize point defects and assign them to the arrangement of the minori-
ties Ag and Sb, was encouraged by the detection of characteristic rings around the diffraction
spots in both diffraction pattern and power spectra in the LAST matrix (Fig. 4.47 (a)-(e)).
The diameter of the ring is independent on orientation and its radius corresponds to half the
PbTe unit cell (∼ 3.2 Å). This can be seen nicely in Fig. 4.47 (a) where the ring crosses the
200 diffraction spots. In PbTe samples, only a central ring around the zero order spot can be
recognized (Fig. 4.47 (f) and Fig. 4.47 (g)) whereas in the LAST material, additional rings
can be seen around higher-order diffraction spots (Fig. 4.47 (a)-(c)).
The intensity of these rings correlates neither with Tann nor e.g. imaging conditions (for a
cooling experiment the TEM holder was cooled to liquid nitrogen temperature during record-
ing, see Fig. 4.47 (b) and Fig. 4.47 (c)). The central ring could be attributed to an amorphous
surface layer introduced by FIB machining. Fig. 4.48 shows the occurrence of the central ring
in a nanoscaled amorphous area of a PbTe TEM sample.
Two possible causes for the intensive rings around higher-order spots are discussed in the
following.
Cause 1 : They arise because of diffuse scattering due to the local structural ordering of
Ag and Sb atoms in the matrix. This explanation is in accord by the work of T. R. Welberry
et al. who link diffuse X-ray scattering as a source of local structural information with models
of disorder [122].
Cause 2 : The rings around higher-order diffraction spots could also originate from an amor-
phous cover layer on the backside of the TEM sample, i.e., the electrons get first diffracted in
the crystalline part and then each diffraction spot acts as a zero order beam when diffracted
in the amorphous backside. Double diffraction is possible especially for systems with high
atomic number which would include the LAST system.




NA · Σ · ρ
, (4.1)
where A is the atomic weight, NA the Avogadro constant, Σ the scattering cross section and
ρ the density.
Tab. A.1 shows that even Pb, which has the highest density and atomic number in comparison
to the other elements Ag, Sb and Te still exhibits a Λ of 15 nm. On the assumption that
low-kV thinning with Ar-ions leaves a ∼ 1.5 nm amorphous layer, double diffraction is rather
unlikely. Moreover, the higher-order rings can be also seen in [81], where TEM samples were
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Figure 4.47: Distinct diffuse rings, spotted in diffraction patterns ((a)-(c)) and power spectra ((d)-
(e)) of the LAST matrix from R-2h-wq-gradient TEM samples. Additional diffraction spots or streaks
can be explained by precipitates lying within the visual field of the SAD aperture ((b) and (c)) or
by Moiré patterning (e). For PbTe TEM samples, only one ring around the zero order spot can be
recognized (power spectrum (f) and EDP (g)). (a)-(c),(g): Hitachi-8100 (LaB6 source, 200 kV, p-t-p
res. 0.23 nm). (d),(e): FEI TITAN 80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, probe-corrected).
(f): FEI TITAN 80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, image-corrected).
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Figure 4.48: TEM image showing that the rings could, at least partial, stem from amorphous layers.
FEI TITAN 80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, image-corrected).
Table 4.10: Scattering cross section Σ, density ρ, atomic weight A, and the resulting mean free path
Λ for Pb and (for comparison) C. [67]
Σ ρ A Λ
[nm2] [g/cm3] [u] [nm]
Pb 2·10−3 11.34 207 15
C 8·10−5 2.26 12 110
Figure 4.49: EDP of Ag0.95Pb15SbTe17 showing rings around higher-order spots. Reprinted with
permission from [81] (here the inverted gray values were used). Copyright (2012) American Chemical
Society.
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prepared via conventional (Ga-free) thinning methods and therefore should have a negligible
amorphous part (Fig. 4.49).
Figure 4.50: The Fourier transformation of an HRTEM image ((a) and (b) with grey scale and color
scale, respectively) shows the rings in the power spectrum (c). After an inverse Fourier transformation
of the masked power spectrum (d), the HRTEM image shows some distinctive structuring ((e) and
magnified inset with encircled linear structures (f)). FEI TITAN 80-300 (FEG source, 300 kV, p-t-p
res. 0.08 nm, probe-corrected)
If the rings are caused partly by ordering effects of Ag and Sb in the matrix, a ring-filtered
inverse Fourier transformation of the power spectrum containing only information about the
ring (representing an annular aperture in reciprocal space) should make ordering effects ap-
parent. Fig. 4.50 shows results obtained by this approach. The HRTEM image shown was
obtained in a probe-corrected microscope (Fig. 4.50 (a)) and belongs to a TEM sample from
the temperature gradient experiment (R-2h-wq-gradient) and is correlated to Tann=580◦C.
The matrix has a homogeneous appearance except some Moiré patterns in the lower left cor-
ner (above the scale bar). Fig. 4.50 (b) shows the same micrograph color coded. The power
spectrum in Fig. 4.50 (c) shows the characteristic rings and by applying a ring mask above
the central ring (Fig. 4.50 (d)) and inverse Fourier transformation, the HRTEM image (color
coded) shows linear structures in which the difference in neighboring intensities is especially
high (Fig. 4.50 (e)). The magnified inset from Fig. 4.50 (e) in Fig. 4.50 (f) highlights an area
with the lines. The directionality might point to specific orientations of Ag-Sb arrangements
within the matrix.
By filtering a HRTEM micrograph showing the amorphous rim of a sample correlated to
Tann=505◦C, the amorphous part reveals also high intensity differences (color coded inset in
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Figure 4.51: Filtering of an HRTEMmicrograph containing the amorphous rim of a sample correlated
to Tann=505◦C. The color coded, filtered image is depicted as an inset within the HRTEM image.
FEI TITAN 80-300 (FEG source, 300 kV, p-t-p res. 0.08 nm, image-corrected).
Fig. 4.51). Here, the pearl strings of neighboring of high-low intensity seems not directed
as discussed for the previous sample. This would support the assumption made above as an
amorphous part has a higher degree of disordering than the disorder effects introduced by
point defects.
Another possibility would be to use the information about a given arrangement of Ag-Pb pairs
as an input for a simulation software to generate HRTEM images whose power spectra again
should show characteristics similar to the rings. This approach assumes an Ag-Sb pair to be
arranged in an energetically favorable line, i.e. Ag-Te-Sb, which would be equal to a second
nearest neighbor configuration. An overview regarding the impact of the neighbor configura-
tion on formation energy and band structure can be found in subsection 2.2.2.
Attempts were undertaken to simulate HRTEM micrographs using the defect model discussed
earlier. It turned out, however, that supercells properly reflecting the structural disorder
would contain several 100.000 atoms. Such cells can currently not be used for image contrast
simulation, due to lacking computational power. Therefore, smaller cells with and without
Ag-Sb-cosubstitution were used. Image processing resulting in ’patchwork-work’ micrographs,





Nanostructured TE bulk materials made by introducing nanosized inclusions in a bulk matrix
by appropriate heat treatment of a melt present an economic approach in comparison to
bottom-up approaches like nanopowder compaction. Hetero-structured bulk materials are of
particular interest as co-nanostructuring (e.g. doping with hetero pairs) seems to improve ZT
considerably [49, 123]. In this context, LAST represented an ideal candidate for an in-depth
examination regarding microstructure and functional properties.
In close collaboration with the group “Thermoelectric functional materials” at the DLR Cologne,
a large number of LAST-compositions and synthesis routes were characterized with respect to
microstructure (SEM, EDXS mapping) and nanostructure (TEM, EDXS, HRTEM). Through
variation of synthesis parameters the material could be optimized, i.e., size, number as well
as fraction of impurity phases could be reduced on the microscale. It was also demonstrated
by a combinatorial approach of annealing in a temperature gradient that the annealing tem-
perature can be optimized in an economic manner. In this way a favorable temperature range
of 500 - 550◦C was found regarding TE properties. Fraction, size, and shape of nm-scaled
inclusions could be correlated to Tann on the nm scale. For Tann=505◦C, a ZT value of 1.05
was obtained at 425◦C operating temperature.
Besides nm-sized secondary phases, nanocrystalline areas and inhomogeneities inducing Moiré
patterns were detected. Due to the sensitivity of the material regarding TEM sample prepa-
ration, thinning or/and implantation effects can not be excluded to be responsible for part of
the features detected on the nm scale.
In addition to annealing conditions, the cooling procedure after heat treatment was exam-
ined. It turned out that besides the LAST composition (stoichiometric vs. off-stoichiometric),
heating and cooling procedures as well as temporal sequence of grinding and sintering had a
tremendous impact on size and composition of microscale secondary phases. With a cooling
rate of 10 K/h, spinodal decomposition was observed in the vicinity of secondary phases of
stoichiometric LAST. Spatially resolved κtot(x,y) measurements revealed very low values for
the homogeneous matrix (0.4 Wm−1K−1) and the areas structured by spinodal decomposi-
tion (0.6 Wm−1K−1). By taking the two involved secondary phases into account, spinodal
structuring could be reproduced on a large scale.
Characterization of non-stoichiometric LAST, i.e. Ag1−yPb18+xSb1+zTe20, was accomplished
to investigate the impact of Ag and Sb fraction on the electrical performance. High σ values
were achieved for an Ag/Sb ratio of 0.3. However, the simultaneous occurrence of different
doping mechanisms especially of the dissolved Ag fraction makes it hard to correlate elemental
77
fractions, σ, and carrier concentration. For Ag0.442Pb18SbTe20, an extremely low κ value was
measured which could be explained by high density of vacant Pb sites and nanoscaled features,
coherently embedded in the matrix. Both tuned quantities σ and κ resulted in a ZT value of
1.09.
By incorporating the detected secondary phases in a construction of Gibbs composition tri-
angles, solidification paths during the LAST synthesis and the existence of a miscibility gap
could be visualized. The secondary phases found by spinodal decomposition mark the gap
boundaries.
Beyond nanometer-scale precipitates known to influence TE properties, structural disorder on
the atomic scale is likely to contribute as well. The fact that a direct correlation between
present nanostructures and TE properties was generally not possible, supports this assump-
tion. Therefore, for future studies, ordering effects of dissolved Ag and Sb minorities should
be investigated further on the atomic scale.
At Fraunhofer IWM Freiburg, a TDTR setup was successfully implemented. First results
proved the feasibility of a spatially resolved ZT -map. The developed high-resolved κtot(x,y)-
mapping (spatial resolution below 5 µm) presents an attractive method to investigate inho-
mogeneous TE materials. Whereas in this study the site-specific lift-out of TEM samples was
partly based on PSM scans, future investigations can rely on ZT -maps. The measurement
procedure can be applied to both bulk materials and thin films and should be also applicable
beyond the scope of TE materials.
Considering an up-scaling process, weighing up the benefits and disadvantages of material
properties (e.g. spatial deviation of ZT distribution, brittleness) and maximization of TE
efficiency has to be taken into account. Besides a low selling price and the abundance of the
starting elements, the cost and practicability of the production process has to be taken into
account. Regarding nanostructured bulk materials, the methodology of incorporating nanos-
tructures needs to be likewise considered. The more controlled dispersion of nanostructures if
they are accomplished by spinodal decomposition and/or nucleation and growth mechanisms
in comparison to nanoparticles formed ex-situ favors the LAST system.
The study proved the thermal stability up to 550◦C which makes the material highly suitable
for waste-heat recovery.
Concepts for upscaling should be considered and have been already successfully applied e.g.
for undoped PbTe.
In conclusion, it can be said that the obtained results present clearly options to produce high-
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A.1 Crystallography of Secondary Phases and Phase Diagrams
A.1.1 Secondary Phases
The following lists the crystallographic data which could be attributed to secondary phases
found on the µm scale and nm scale.
Table A.1: Crystal system, space group and cell parameters for stoichiometric compositions of
detected secondary phases.
crystal system space group a [Å] b [Å] c [Å] reference
Sb trigonal R3̄m (no. 166) 4.307 4.307 11.273 [124]
Ag2Te monoclinic P1 21/c 1 (no. 14) 8.090 4.480 8.960 [125]
Sb2Te3 trigonal R3̄m (no. 166) 4.264 4.264 30.458 [126]
Figure A.1: Unit cell of trigonal Sb.
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Figure A.2: Unit cells of tabulated phases. (a) Monoclinic Ag2Te. (b) Trigonal Sb2Te3.
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A.1.2 Phase Diagrams
In the following, the phase diagrams which were referred to throughout the text are compiled.
PbTe-Ag2Te equilibrium phase diagram
Figure A.3: Pseudo-binary phase diagram PbTe-Ag2Te. Adapted from [89].
PbTe-Sb2Te3 equilibrium phase diagram
Figure A.4: Pseudo-binary phase diagram PbTe-Sb2Te3. Adapted from [127].
91
A.1. Crystallography of Secondary Phases and Phase Diagrams
Ag2Te-Sb2Te3 equilibrium phase diagram
Figure A.5: Pseudo-binary phase diagram Ag2Te-Sb2Te3. Adapted from [94].
Sb-Te phase diagram
Figure A.6: Binary phase diagram Sb-Te. Adapted from [100].
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A.2 Fabrication T-t-diagrams of analyzed samples
Figure A.7: (a) R-72h-slow. Synthesis with slow cooling. (b) 24h-oq and R-24h-wq. Long homoge-
nization period and quenching. (c) 1h-wq, 1h-oq, R-1h-wq and R-1h-oq. Short homogenization period
and quenching. (d) R-1h-wq-720, R-1h-wq-600, R-1h-wq-500 and R-1h-wq-350. Annealing treatment
with various Tann and tann.
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A.2. Fabrication T-t-diagrams of analyzed samples
Figure A.8: (a) R-2h-wq-gradient. Synthesis for temperature gradient experiment. (b) R-2.5h-wq-
350 and R-2.5h-wq-350&505. (c) Synthesis for mixed powders of phase no. 6 and 10. (d) Synthesis for
averaged composition of spinodal structured areas in R-2.5h-wq-HT01-PC. (e) R-2.5h-wq-505-HT01.
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